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Abstract

Effective thermal management plays a vital role in the development of electronic devices as it
directly affects the devices’ lifetime, performance, and reliability. As electronic devices are more
miniaturized and integrated, heat dissipation in these devices becomes more challenging. Among
many materials systems, polymers have been shown to be a potential candidate due to their
excellent properties, including light weight, low cost, easy to manufacture, and excellent chemical
stability. However, intrinsic thermal conductivity of polymer is relatively low and not sufficient.
Thus, enhancing thermal conductivity of polymer is crucial for expanding polymers applications
in thermal field. In this dissertation, I present various methods to enhance thermal conductivity of
polymer-based materials. In the first method, intrinsic thermal conductivity of polyethylene oxide
(PEO) polymer is enhanced by engineering the internal structures. Specifically, the effect of PEO
molecular weight and molecular concentration on the thermal conductivity of PEO nanofiber is
investigated. In the second method, thermal conductivity is increased by creating polymer
nanocomposites with the addition of thermally conductive fillers. Here, I present the fabrication
of polymer nanocomposites from epoxy and boron nitride nanotube (BNNT) filler. The surface of
BNNT is functionalized to improve its dispersion in the epoxy matrix. The effect of interface
between functionalized BNNT and polymer matrix to the thermal conductivity of polymer
nanocomposites is discussed. The results from our study could contribute to the application
expansion of polymer-based materials where high thermal conductivity is required such as
electronic packaging and thermal interface materials. Further, this work can be served as guidance

for investigating thermal transport of other polymers and polymer nanocomposites systems.
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Chapter 1 Introduction of thermal transport in polymers and polymer

nanocomposites

1.1.  Thermal transport in polymers and polymer nanocomposites

1.1.1. Introduction of thermal transport in polymers and polymer nanocomposites

Polymers and polymer nanocomposites have been used in various fields from industry to daily life
due to their outstanding material properties, such as light weight, low cost, excellent chemical
stability, and easy manufacturing. However, the low intrinsic thermal conductivity of polymers
limits their use in applications requiring materials with high thermal conductivity, such as
electronic packaging and thermal interface materials. For example, low thermal conductivity is
considered as one of the issues in polymer-based flexible electronics due to its limitation in heat
dissipation.!? Therefore, enhancing thermal conductivity of polymer-based materials is very
important for expanding its application where high thermal conductivity is required. For the past
two decades, scientists have been trying to enhance the thermal conductivity of polymers and
polymers nanocomposite for expanding their application in the thermal field. There are two
methods that have been proposed for enhancing thermal conductivity of polymers: (1) engineering
the molecular structure of polymers or (2) adding conductive fillers such as ceramics to create

better thermal conduction path.



Figure 1.1 Molecular structures of polymers.>? (a) polymers are composed of amorphous regime
and crystalline regime. Thermal transport demonstration in (b) crystalline domain and (c)
amorphous domain. (d) Structure of polymer chain. The chain of polymer is composed of the main
backbone and side chain. The molecular chains interact with each other by covalent bond (e.g.
crosslink) or hydrogen bond. (Reproduced with permission from Ref. (3&4). Copyright 2018

Elsevier and Copyright 2023 Wiley)

Polymers usually consist of crystalline domain and amorphous domain (Figure la). In the
crystalline domain, the molecular chains are structured periodically, while they are entangled in
the amorphous domain. Previous studies have shown that morphologies of polymers directly
influence their thermal transport.® It has been shown that by modifying molecular configuration
and orientation, crystallinity, crystalline form the thermal conductivity of polymers can be altered.!
For example, theoretical calculation proposed that the thermal conductivity of single chain
polyethylene (PE) can achieve extremely high thermal conductivity (350 W/m-K) outperforming
most of metals,® while experimental studies have shown that thermal conductivity PE nanofiber
reach 104 W/m-K with drawing ratio of 400. In addition, thermal transport can also be enhanced
by modifying the molecular structures of the chains, including backbone, side chain, covalent

bonding (e.g. crosslink), and noncovalent bonding (e.g. hydrogen bonding) (Figure 1.2d).



Table 1.1 Thermal conductivity of common thermally conductive fillers.! (Reproduced with

permission from Ref. (1). Copyright 2018 Elsevier)

Fillers Category Thermal conductivity (W/m-K)
Aluminum Metal 234
Copper Metal 386

Silver Metal 427
Carbon nanotube Carbon 1000-4000
Carbon fiber Carbon 300-1000
Graphene Carbon 2000-6000
Graphite Carbon 100-400
Hexagonal boron nitride Ceramics 185-300
Boron nitride nanotube Ceramics 3000
Aluminum nitride Ceramics 100-300
Diamond Ceramics 1000
a-Alumina Ceramics 30
B-Silicon carbide Ceramics 120

In the second method, various fillers with high thermal conductivity have been embedded to
polymers to create thermally conductive polymer nanocomposites, such as metallic nanoparticles,
carbon-based materials (e.g., carbon nanotubes, graphite, graphene, carbon fiber), boron nitride,
boron nitride nanotube, etc.* It can be seen from Table 1.1 that the intrinsic thermal conductivity
of conductive fillers is in the range from 30 to 6000 (W/m-K). Thus, there is a great potential of

using thermally conductive fillers to enhance thermal conductivity of polymers.
1.1.2. Thermal transport mechanism in polymers and polymer nanocomposites

In solid materials, electrons, and phonons are the main carrier of thermal transport. Electrons are

the main heat carrier in most metals and other crystalline materials. Here, the free electron freely



moves, carrying thermal energy from hotter to cooler area. Phonon is a quantized lattice vibration,
which is the vibration of atoms and molecules near their equilibrium position. In polymers, the
contribution of electrons is insignificant. Thus, the main carrier of thermal transport in polymers
is phonon. In the amorphous regime of polymer, because of the entangled structures, voids, and
impurities, phonon transport usually scatters hindering heat conduction.” The atoms in crystalline
regimes of polymers closely connect to each other, so the heat transfer in this regime can be rapidly
transferred in the molecules chain compared to amorphous regime (Figure 1b&c).2 However, the
crystallinity degree is not very high due to random entanglement of the polymer chains and
relatively large molecule mass, and it is difficult to form complete crystals due to the polydispersity

of molecule weight.

In polymer composites, there are three mechanisms that have been accepted to explain the thermal
transport which are thermal conduction path, thermal percolation, and thermoelastic coefficient
theories (Figure 1.2).%!° Thermal conduction path mechanism are the most commonly used in these
three mechanisms. When the fillers are insufficient, they are isolated within the polymer matrix
(Figure 1.2a). Thus, there is no significant enhancement in thermal conductivity. When the
thermally conductive fillers are sufficient, heat energy will strongly dissipate along the thermally
conductive fillers path that could significantly enhance the thermal conductivity of polymer
nanocomposite (Figure 1.2b). In thermal percolation theory, a “sea-island structure” of fillers
appears at low filler loading where the fillers are separated within polymer matrix. As the increase
of fillers, the fillers come to percolation threshold where the fillers interconnect to form “sea-sea
structure” which can dramatically enhance thermal conductivity (Figure 1.2¢). However, thermal
percolation theory is still controversial whether it can be used to fully describe thermal transport

phenomena of polymer nanocomposite. This is because phonon, the main heat carrier in polymers,



does not have tunneling effects like electrons during heat dissipation which can result in a phonon
scattering effect at the interfaces, leading to more thermal resistance at the interfaces. In
thermoelastic coefficient theory, polymers and conductive fillers are considered as a whole. This
means that thermal conductivity depends on the comprehensive properties of the polymer
nanocomposites.!! The change in thermal conductivity is similar to elastic coefficients and
modulus in classical vibration and elastic mechanics. In this case, the relationship between thermal
conductivity and thermal elastic coefficient and modulus is proportional (Figure 1.2d). Higher
thermal conductivity in polymer nanocomposites could mean higher thermal elastic coefficient

and faster phonon transport.!
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Figure 1.2 Illlustration of thermal transport in polymer nanocomposites. (a) Low filler loading

case, (b) thermal conduction path in high filler loading, (c) thermal percolation phenomena, and



(d) thermoelastic coefficient theory.” (Reproduced with permission from Ref. (13). Copyright 2020

Elsevier)

1.2.  Questions addressed in the dissertation

This dissertation seeks to address fundamental questions on thermal transport properties of
polymer nanofibers and polymer nanocomposites, focusing on the role of morphologies and
interfacial characteristics at the nanoscale. Measuring thermal transport properties at nanoscale is
extremely challenging. Numerous methods have been proposed such as 3w method, thermal
reflectance-based technique, scanning thermal microscopy technique, micro-Raman thermometry,
and T-bridge method. In addition to these methods, a technique based on a suspended micro-island
device has been widely used to investigate thermal properties as well as thermoelectric properties
of low dimensional materials. However, the current design of the suspended micro-islands device
with flat supporting beam sometimes makes it difficult to transfer the sample to the micro-island,
resulting in a loose thermal contact between the sample and the micro-island, leading to
measurement errors. To tackle this issue, we further develop the design of suspended micro-islands
device with T-shape supporting beam. This new design will allow more accurate thermal
conductivity measurements at the nanoscale. We also present a new experimental setup to improve
the measurement accuracy for thermal conductivity measurements using suspended micro-islands

devices.

The next question that will be addressed in this dissertation is the fundamental understanding of
thermal transport in polymer nanofiber. We develop an experimental platform to investigate the
thermal transport of single polymer nanofiber. We also develop a systematic method for the

investigation into internal structures (e.g., crystallinity and molecular orientation) of polymer



nanofiber which can provide deeper understanding of the relationship between internal structures

and thermal conductivity.

Another key question explored is the influence of the interfacial contact between fillers and the
polymer matrix on the thermal conductivity of polymer nanocomposites. Understanding how heat
transfers across the interfaces of various fillers and matrix materials is crucial for optimizing the
thermal performance of these materials. We will examine the effectiveness of filler-matrix bonding
and how interfacial thermal resistance affects the overall heat conduction in nanocomposites. By
investigating these aspects, the dissertation aims to offer valuable insights into the design and
fabrication of polymer nanocomposites with enhanced thermal transport properties for various

applications.

1.3.  Organization of the dissertation

In this dissertation, I will present experimental studies on thermal transport in polymer and

polymer nanocomposites. The dissertation is organized as follows:

In Chapter 2, I will describe the development of experimental framework for thermal transport
measurement of low dimensional materials. Here, I will present the development of suspended
micro-islands device with T-shape supporting beam for enhancing device stiffness. I will also
present the new experiment setup with integration of switching matrix that enables more precision

measurement of thermal conductivity even under asymmetric configuration.

In Chapter 3, I will discuss the experimental study on thermal transport measurement of polymer
nanofiber. I will first discuss the fabrication of polyethylene oxide (PEO) nanofiber using custom-
made near field electrospinning (NFES) technique. The electrospun PEO nanofibers were
fabricated by varying molecular weight and molecular concentrations. Next, the experimental

7



setup that discussed in Chapter 2 are employed to measure thermal conductivity of a single PEO
nanofiber. Next, I will discuss the internal structures characterization of PEO nanofiber using
Raman spectroscopy, and FTIR spectroscopy. Finally, the relationship between thermal

conductivity and internal structures of single PEO nanofiber will be discussed.

In Chapter 4, I will discuss the experimental study to investigate thermal transport in polymer
nanocomposites. The nanocomposites were fabricated from epoxy matrix and boron nitride
nanotube coated with polydopamine. I will first describe the fabrication process of the boron
nitride nanotube functionalization and the fabrication of polymer nanocomposites. Next, I will
discuss the characterization of thermal conductivity, and chemical structures of the

nanocomposites to elucidate the effect of polydopamine on thermal conductivity enhancement.

In Chapter 5, I will describe the key findings from the dissertation and discuss more about the

future works.



Chapter 2 Developing experimental platform for thermal -conductivity

measurement of polymer nanofiber

2.1. Introduction

Low dimensional materials such as nanowires, nanoribbons, and two dimensional (2D) materials
have gained increasing interest due to their unique physical properties. Among those physical
properties, thermal transport properties have significant implications for a variety of applications
including thermoelectric conversion, nanoelectronics, optoelectronics, and thermal management
devices.!*!> In order to measure thermal properties in low dimensional materials, numerous

experimental techniques have been developed. For example, 3o method,'®!” thermal reflectance

19,20 21-23

based technique,'® scanning thermal microscopy technique, micro-Raman thermometry,
and T-bridge method**?* have been employed to study thermal properties in 1D nanowires, 2D
materials, interfaces, and thin films. In addition to these techniques, a technique based on a
suspended micro-island device has been widely used to investigate thermal properties as well as
thermoelectric properties of various material systems such as nanowires,”® nanotubes,?”*3
nanomeshes,”’ and 2D materials.>® Since the invention of the suspended micro-island device by
Shi et al.?!, the techniques associated with suspended micro-island devices have been dramatically
improved. In the electrical domain, suspended micro-islands are equipped with four electrodes to
accurately measure the electrical resistance of the sample through four-probe measurements.** In
the thermal domain, thermal conductance measurement capabilities have been expanded to lower
limit through reducing electrical noise, increasing temperature sensitivity, and eliminating

background conductance (i.e., thermal conductance of a device without a sample being present).

Specifically, common-mode environmental temperature fluctuations were reduced by a thermal



bridge circuit to measure the conductance of samples as low as on the order of ~100 pW/K.>* For
samples whose thermal conductance is comparable to background conductance, background
conductance can be measured and its value can be subtracted from measured sample conductance
to obtain precise thermal conductance of sample.’***> Furthermore, the AC heating method can
reduce the 1//noise contribution and thus increase the temperature sensitivity down to ~30 pK.3>-3¢
While significant improvements have been made for the technique based on suspended micro-
island devices, a few challenges have remained to overcome. One of the challenges is regarding
of transferring a low dimensional sample to micro-islands. One of the most common ways to place
samples on micro-island devices is to transfer samples using a micromanipulator.’’*® The key
requirement during the transfer process is to place the samples on micro-islands such that samples
are thermally well anchored to the micro-islands. However, the compliant structure of suspended
micro-island devices sometimes prevents samples from making good thermal contacts. Another
challenge is the inaccurate measurement of sample thermal conductance when thermal
conductance of beams that support micro-islands are asymmetric.

To address the two main challenges, we have developed a design for the suspended micro-island
device to increase the mechanical stability of suspended micro-islands as well as a measurement
scheme to enable accurate thermal conductance measurements of samples. Specifically, a beam
with a T-shaped cross-section is introduced to increase the stiffness of the beam 13 times while
maintaining more or less constant thermal conductance, compared to a flat beam. With the
strengthened beams, sample manipulation can be performed in a more robust manner, since the
rigid structure prevents the displacement of micro-islands and thus enables forming good thermal
contacts between samples and micro-islands. An improved measurement scheme employs a switch

matrix to sequentially heat both sides of micro-islands to precisely measure thermal conductance
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of samples even under the scenario where beams supporting micro-islands are in an asymmetric
configuration. This measurement scheme can also be alternatively used for facilitating the
characterization of thermal transport dependence on heat flow directions. We demonstrate the
validity of the developed measurement method with a Si nanowire, and a detailed experimental

procedure is described in this work.

2.2, Designing and fabricating new suspended micro-island device with T-Shaped

supporting beam

The suspended micro-island device consists of two micro-islands with each equipped with resistive
thermometers, as shown in Figure 2.1a. Micro-islands are suspended by long and thin SiNx
supporting beams to isolate them thermally. Briefly describing the measurement technique, low-
dimensional materials such as nanowires and 2D materials are transferred to bridge between two
micro-islands. Experiments are conducted under a high vacuum environment (<10 torr) to
eliminate heat transfer through convection. A known amount of current is injected into one micro-
island (i.e., the heating island) and the temperature of the heating island is raised due to the
resultant Joule heating. Then, heat is conducted through the sample that is bridging two micro-
islands, and thus the temperature of the other island (i.e., the sensing island) is raised. Quantifying
temperature rises of both heating and sensing islands as well as heat dissipation to the heating

island, thermal conductance of the sample Gg can be obtained as

GS:QL (1)

AT3-ATE
where @Q is the heat dissipation to the heating island, ATy is the temperature rise of the heating

island, and ATy is the temperature rise of the sensing island.
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One of the most critical steps in the experimental procedure is transferring a low dimensional
sample to a device such that the sample is thermally well-anchored to both micro-islands. A desired
scenario is that a nanowire or other low-dimensional sample overlapped on micro-islands is in
good contact with the micro-islands. Otherwise, thermal contact resistance between micro-islands
and the sample increases, making quantitative thermal conductance measurements difficult. When
transferring samples to suspended micro-island devices with flat beams (conventional design), we
sometimes experienced cases where a nanowire is not parallel to the micro-islands after the sample
transfer, as shown in Figure 2.1b. Some nanowire portions are not in contact with micro-islands,
resulting in experimental failures where the sample’s thermal conductance is inaccurately
measured due to increased thermal contact resistance. Such an undesired scenario can be caused
by the translation and tilting of micro-islands during the sample transfer process and/or
inhomogeneous deformation of micro-islands device during the microfabrication process. While
the sample transfer process is tedious and time-consuming, the successful transfer of samples on
micro-islands can only be verified with advanced tools such as a scanning electron microscope
(SEM). Consequently, increasing the success rates of sample transfer with good thermal contacts

is key to facilitating experiments.
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Figure 2.1 Important features of the suspended micro-island device: (a) SEM image of suspended
micro-island device. Two micro-islands equipped with resistance-based thermometers are
supported by long and thin SiN. beams. (b) Representative SEM image showing a bad contact
between nanowire and micro-island. Top-right inset shows zoomed image for the loose contact.
Bottom-right inset illustrates loose contact formation due to tilting and displacement of micro-
islands. (c) Cross-sectional SEM image of the trench that is filled with uniform deposition of SiNx.
After fabrication, T-shaped beam indicated by dotted lines is created. (d) Tilted SEM image of a

single T-shaped beam.

To minimize the displacement of micro-islands, we introduced cross-sectional T-shaped beams.
The T-shaped beam profile is chosen since it can significantly increase the stiffness, while
minimally increasing the thermal conductance of beams. The fabrication process of the new

suspended micro-island device is shown in Figure 2.2. First, we patterned and created trenches
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with the target width of 500 nm and the target height of 600 nm through inductively coupled plasma
etching on Si wafer (Figure 2.2a). Then, we deposited ~300 nm thick low-stress SiNx using low-
pressure chemical vapor deposition (LPCVD) (Figure 2.2b). As shown in the SEM image of Figure
2.1c, the conformal deposition of SiNx fills the trench and allows a T-shaped SiNx beam to be
formed. Next, we used the radio-frequency sputtering to deposit ~40 nm thick Pt (Figure 2.2¢c). A
photoresist was coated and patterned to create Pt contact pads, serpentine heaters, and leads. Using
reactive ion etching (RIE), the unprotected area was etched away, and the Pt features were created
(Figure 2.2d). Next, we etched the SiNx to create the micro-islands and the beams (Figure 2.2¢).
In this step, photoresist was coated and patterned to create the islands, and the Pt lead and Pt
contact pad act as the mask. After SiNy etching process, we used KOH to etch Si, and the suspended
structure was released, as shown in Figure 2.2f. A suspended micro-island device with T-shaped
beams is thus successfully fabricated (Figure 1a). The tilted cross-sectional view of the T-shaped

beam is shown in Figure 2.1d.

Figure 2.2 Fabrication process of new suspended micro-island device with T-shaped beam. Note

that all of the drawings are not to scale.



To estimate increases in stiffness by changing the beam design, finite element method (FEM)
analysis was conducted with COMSOL Multiphysics 5.4, and we compared the stiffness of
conventional flat beams and T-shaped beams. FEM was performed on models consistent with the
actual geometries of flat and T-shaped beams. Specifically, for the flat beam, a length is 312.5 pm,
and a thickness is 340 nm (SiNx: 300 nm and Pt: 40 nm). The dimensions of the T-shaped beam is
obtained from the SEM image (Figure 2.1¢). Young’s moduli for Pt and SiNx are chosen to be 139
GPa and 290 GPa, respectively.**** Using the solid mechanics module in COMSOL, we fixed one
end and applied force at the other end of the beam. Then, the resultant displacement of the beams
was obtained. The FEM results of the Flat and T-shaped beams are shown in Figure 2.3. The
stiftness of beams can be calculated by the equation F = k - d, where F is the applied force on the
beam, £ is the stiffness, and d is displacement of the beam. The calculated stiffnesses for the flat
beam and T-shaped beam are 1.19 x 10 N/m and 1.60 x 10~} N/m, respectively (Table 2.1). The
stiffness ratio of the T-shaped beam to the flat beam is 13, demonstrating that the T-shaped beam
is significantly stiffer. Strengthened beam structure with the T-shaped beam can prevent potential
non-uniform deformations during the fabrication process as well as translation and tilting of micro-
islands during the sample transfer process so as to create good thermal contacts between sample

and micro-islands.

15



x10° nm x103nm
1
l-0.5 x1 %m

7

6

x107" m 6

Figure 2.3 Simulated displacement results under 1 nN force at one end by FEM in COMSOL
Multiphysics 5.4. (a) Simulated displacement of flat beam. Bottom left shows the cross-sectional
of flat beam in FEM. (b) Simulated displacement of T-shape beam. Bottom left inset illustrates the
cross-sectional of T-shape beam in FEM. Note that all of dimensions were taken from actual

geometries of T-shape and flat beam.
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While increasing the stiffness of the supporting beams is desirable, the thermal isolation of
suspended micro-islands is critical to achieve the uniform temperature distribution in micro-islands
and maximize temperature rises of micro-islands for a given heat input. Thermal isolation of
suspended micro-islands can be achieved through maintaining low thermal conductance of beams.
To evaluate the impact of beam design changes on thermal isolation of micro-islands, we
conducted experiments and FEM analysis to obtain thermal conductance of flat and T-shaped
beams. For the FEM calculation, a known amount of heat flux (100 kW/m?) was applied to one
end of the beam while maintaining the temperature of the other end at 297 K. Then, the thermal
conductance of the beam is readily obtained from the temperature difference between two ends of
the beam and the heat flow rate using the cross-sectional area. Thermal conductivity values for Pt
and SiNy used for FEM analysis are 29.5 W/m-K and 3 W/m-K, respectively.**> Calculated
thermal conductance for individual flat and T-shaped beams are 9.99 nW/K and 12.43 nW/K,
respectively (Table 2.1). The ratio of thermal conductance of the T-shaped beam to the flat beam
is 1.24, showing that the increase in thermal conductance by changing from the flat beam to the T-
shaped beam is fairly small. In addition, we performed FEM simulation and obtained temperature
distribution of heating micro-island to estimate the effect of the increased thermal conductance on
the temperature uniformity of micro-island. As seen in Figure 2.4a, the bottom middle T-shaped
beam is grounded. A known amount of electric current (15 pA) is supplied to the top left T-shaped
beam to raise the temperature of the micro-island AT ~ 5 K. The color map shows the temperature
distribution of the heated micro-island resulting from Joule heating. The maximum and minimum
temperatures are 302.64 K and 302.51 K, respectively, with the thermal reservoir temperature

being 297 K. The difference between the maximum and minimum temperatures is only 0.13 K
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(relative difference less than 0.1%). This small difference demonstrates that temperature

uniformity maintains at an excellent level with T-shaped beam.
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Figure 2.4 Temperature profile of the island and thermal conductance of beams: (a) FEM results
of temperature distribution in Joule-heated micro-island supported by T-shaped beams. The
temperature of thermal reservoir is 297 K. (b) Measured thermal conductance of six supporting

beams (T-shaped beams vs. Flat beams) as a function of temperature.

Next, we performed experiments to compare thermal conductance of flat and T-shaped beams at
various temperatures ranging from 35 K to 325 K. Using a bare device without low dimensional
samples, we heat a micro-island through Joule-heating and the temperature rise of the micro-island
is monitored. Then, we can obtain temperature-dependent thermal conductance of 6 beams from
the relation G, = Q /AT, where G}, is thermal conductance of total 6 beams supporting the heated
micro-island, Q is the heat dissipated into the micro-island, and AT is the temperature rise of the
micro-island (Figure 2.4b). Thermal conductance of both types of beams monotonically increases
as temperature increases. Thermal conductance of individual flat and T-shaped beam at ~300 K

are 15.61 nW/K and 16.44 nW/K, respectively. The thermal conductance of the T-shaped beam is
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marginally larger than that of flat beams. The experimental results for the thermal conductance
ratio of the T-shaped beam to flat beam is 1.05, further validating that thermal conductance increase
is insignificant. Experimental and FEM results for thermal conductance of beams are in reasonable
agreement, given the uncertainty with the thickness of Pt and SiNx layers and thermal conductivity
values used for FEM analysis.

Table 2.1 Stiffness and thermal conductance of individual flat and T-shaped beam: FEM and

experimental results

FEM results Experimental results

Stiffness Thermal conductance  Thermal conductance

(mN/m) (nW/K) (nW/K)
Flat beam 0.12 9.99 15.61
T-shaped beam 1.60 12.43 16.44
Ratio of T-shaped and flat beam 13.48 1.24 1.05

Increased stiffness but maintaining more or less constant thermal conductance through T-shaped
beam design is a desirable characteristic for suspended micro-island device. Indeed, a noticeable
difference in reducing tilting and translation of micro-islands has been observed when transferring
nanowires onto suspended micro-island device. Further, the rigid T-shaped beam structure allows
more effortless nanowire transfer. Upon the inspection with SEM after sample transfer procedure,
we did not observe the tilting of micro-islands as seen in Figure 2.1b. Therefore, nanowires were

parallel to micro-islands, forming excellent thermal contacts with micro-islands.
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2.3.  Sequential heating in micro-islands

In addition to introducing the rigid beam structure to facilitate the sample preparation process, we
developed an experimental method where micro-islands are sequentially heated using a switch
matrix. In other words, the left-hand-side (LHS) micro-island is first heated, and subsequently the
right-hand-side (RHS) micro-island is heated. This method can be particularly useful for two cases.
First, the method can be used to investigate the heat conduction dependence on heat flow directions

such as thermal rectification,*>**

since sequential heating can readily create two opposite heat flow
directions (i.e., heat flows from LHS micro-island to RHS micro-island, and vice versa). For this
type of study, one needs to ensure that thermal conductance values of supporting beams for each
micro-island are identical (i.e., symmetric beam configurations). Then, Eq. 1 can be used to obtain
sample thermal conductance values for two different heat flow directions. Second, this method can
enable accurate thermal conductivity measurements under asymmetric beam configurations.
Conventionally, one of micro-islands is chosen as a dedicated heating micro-island, and sample
thermal conductance is measured assuming thermal conductance of supporting beams are all
identical. While it is generally true that the thermal conductance of an individual supporting beam
is the same as each other, there are some cases where thermal conductance of the beam can be
different. For example, a supporting beam can be cracked or damaged during the fabrication
process. Also, dust particles can stick to supporting beams during the fabrication and sample
transfer process. The conventional experimental approach on such cases results in inaccurate

measurements of sample thermal conductance due to asymmetric thermal conductance of

supporting beams for micro-islands, which is described in more detail below.
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Figure 2.5a illustrates the schematic diagram of a suspended micro-island device with a low
dimensional sample bridging between two micro-islands. Herein, G,; and G,y represent thermal
conductance of six SiNy supporting beams for the LHS and RHS micro-island, respectively. Under
the ideal symmetric supporting beam configuration (G, = Gp;, = Gpr) and heating dissipated in
the LHS micro-island, thermal conductance of six beams supporting each micro-island is obtained

from the thermal resistance network model (Figure 2.5b) as

G, = —2 2

T AT +ATR’
where Q is the heat dissipation into the LHS micro-island, AT}, is the temperature rise of LHS
micro-island, and ATy, is the temperature rise of RHS micro-island. Then, thermal conductance of
the sample (Gg) bridged between two micro-islands is readily obtained from the same thermal

resistance network model (Figure 2.5b) as

ATR 3
Gs = Gy —— 3)
ST TP AT, — AT,

Dividing Q on both numerator and denominator, the equation becomes

Gs = G, =22 4)

where §;, = AT, /Q and S = ATR/Q. Since AT, ATy, and Q can be measured, heating one micro-
island alone is sufficient to obtain the sample thermal conductance. This case represents the

conventional experimental approach.
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Figure 2.5 (a) Schematic diagram of a low dimensional sample bridging between suspended micro-
islands. Gg represents the low dimensional sample. Gy, and G, represent six supporting beams of
LHS and RHS micro-islands, respectively. (b-d) Thermal resistance network model for suspended
micro-island device with (b) LHS micro-island heating and symmetric supporting beams (G, =
Gpr), (¢) LHS micro-island heating and asymmetric supporting beams (G,; # Gpr), (d) RHS

micro-island heating and asymmetric supporting beams (G, # Gpr).
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While heating only one of micro-islands is enough to obtain sample thermal conductance under
the symmetric beam assumption (G, = Gpr), sequential heating for LHS and RHS micro-island
is required when the symmetric beam assumption is no longer valid (G, # Gpg).>* Specifically,
when the LHS micro-island is heated, as illustrated in Figure 2.5¢, sample thermal conductance is

obtained as

GS = GbR 'B’Lﬁ—RﬁR’ (5)

where Gpr = (1 — B.Gpr)/Lr- While S, and S can be quantitatively measured, two parameters
Gy, and Gy are unknown, requiring an additional equation to evaluate Gs. The additional equation
can be obtained from heating RHS micro-island, as illustrated in Figure 2.5d. We denote that the
heat dissipation into the RHS micro-island is Q', and resultant temperature rises of the RHS and
LHS micro-island are ATy and AT}, respectively. Then, sample thermal conductance is expressed

as

Gs = G ﬁf—LﬁL’ @

Where 8 = AT/ /Q' and Br = ATx/Q’, and Gy, = (1 — GprBr)/B;. Combining Eq. 5 and 6, we

can obtain the thermal conductance of LHS and RHS beams as

_ _BiL-Br (7)
Go1 = 5 g puiy 24
BL — Br (8)

Gpr =————
ﬁLﬁR - ﬁLﬁR
Then, sample thermal conductance can be found from Eq. 5 and 6 as

—__Pr )
Gs BLBr—BLBr

or
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___ Bk (10)
BLBr — BLBr

Gs
As clearly seen in the thermal analysis above, sample thermal conductance can be accurately
obtained from sequential heating in LHS and RHS micro-islands even though asymmetric thermal
conductance of supporting beams are present. In our experience, most of the fabricated suspended
micro-island devices show the symmetric supporting beam configuration, but we found in some
instances that a SiNx beam is damaged or dust particles from fabrication processes stick to SiNy
beams, raising a concern for asymmetric thermal conductance of supporting beams. With the
conventional approach with heating only one micro-island, asymmetric thermal conductance of
supporting beams can result in experimental errors of sample thermal conductance.
In order to eliminate potential experimental errors that can be caused by asymmetric supporting
beam configuration, we have developed an experimental procedure for sequential heating of LHS
and RHS micro-islands with the switch matrix. We first describe the conventional experimental
process where heat is applied to only a single side of micro-islands. As discussed earlier, this
approach can measure sample thermal conductance when the supporting beams are only in the

symmetric configuration. We consider LHS micro-island as the heating micro-island (Figure 2.6a).
Briefly describing the experimental process, a DC current (Ip¢ ;) flows through the Pt metal line
to dissipate the heat into the LHS micro-island that is equivalent to Q = [ 5C, L (R L T R, L), where
Rp 1 s the lead electrical resistance and R ; is the electrical coil resistance of LHS micro-island.
Then, the temperature AT, of LHS micro-island is raised. Low dimensional sample bridging
between two micro-islands conduct heat from LHS to RHS micro-island, increasing the

temperature AT, of RHS micro-island. I, is obtained from the supplied voltage Vp and 500

kQ series resistor, since the resistance of the Pt metal line in the suspended micro-island device is
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significantly smaller (~4 kQ). Rg ; and R ; are obtained from measuring V; p¢ and V; p¢c with two
digital multimeters (DMMs). Temperature rises of the LHS and RHS micro-islands, AT; and AT,
can be obtained from the precise measurement of coil electrical resistance changes. Specifically, a
lock-in amplifier is used to measure the electrical resistance with high precision. For both LHS
and RHS micro-islands, AC voltage of 5 V from the lock-in amplifier in a series connection with
the 10 MQ resistor supplies a small current of 0.5 pA to ensure that heat dissipations into both
micro-islands due to AC current are negligible. Then, lock-in amplifier measures the voltage across
the Pt coils of both micro-islands, V¢ 1 ac and Ve r ac, to obtain the electrical resistance of the
coils, Rc; and R r. Next, temperature rises AT), and ATy can be obtained from the relation R =
Ro(1 + aAT), where R is the resistance after temperature change, R, is the resistance without
temperature change, « is the temperature coefficient of resistance (TCR), and AT is the temperature
change. TCR of both R ; and R p can be readily obtained from measured R ; and R y at varying

environmental temperatures.
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Figure 2.6 (a) Experimental configuration for LHS micro-island heating. (b) Experimental
configuration for RHS micro-island heating. (c) Experimental configuration for sequential heating
enabled by switch matrix. (d) SM-1 through SM-7 shown in (c) are connected to Columns I through
7 in the switch matrix. DC power supply in series with 500 kQ is connected to Row A, and voltmeter
is connected to Row B and C. Switch matrix controlled by digital commands can
connect/disconnect any rows to any columns. Detailed experimental steps for sequential heating

with the switch matrix are illustrated.

Next, we describe the experimental procedure to enable sequential heating in both micro-islands.
As seen in Figure 2.6a&b, after obtaining AT, AT , and Q by supplying heat in LHS micro-island,

Vpe and 500 kQ resistor that were connected to LHS micro-island are transferred and connected
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to RHS micro-island. Two DMMs are also transferred and connected to RHS micro-island to
measure Rp and R¢g. Then, the same experimental procedure is performed again to obtain
ATy, AT] , and Q'. Subsequently, sample thermal conductance is obtained using Eq. 9 and 10. This
experimental procedure requires physical changes in the experimental configuration such as
disconnection and connection of equipment (DC power supply, 500 kQ resistor, and two DMMs)
between LHS and RHS micro-island. This requirement presents a challenge, since the
investigation of thermal transport properties using suspended micro-island device is often
performed over a wide temperature range that can span from ~10 K to ~700 K. To implement this
sequential heating, two approaches can be adopted. The first approach is that equipment can be
manually disconnected and connected between micro-islands at each environmental temperature.
This process is labor-intensive, and thus it is suitable for experiments with a narrow environmental
temperature range. The second approach is as follows. With varying environmental temperatures,
one set of experiments is performed with supplying heat into LHS micro-island. Then,
experimental setup is reconfigured for supplying heat into RHS micro-island, and another set of
experiments is performed again with varying environmental temperatures. This second approach
1s much less time consuming than the first method, but it still requires conducting experiments
twice over the same temperature range. Further, as you repeat performing experiments over the
large temperature range, it increases experimental failure rates resulting from breakage of wire
bonding or bond lift between the chip carrier and suspended micro-island device due to thermal
stress.

To tackle the limitations associated with the requirement of manual experimental reconfigurations,
we have developed the experimental setup using the switch matrix. The key idea with this method

is to connect the DC power supply with the 500 kQ series resistor and DMM to the desired
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connections in either of micro-islands as needed using a switch matrix. We begin by describing the
detailed experimental setup. Electrical pads denoted SM-1 through SM-7 of suspended micro-
island device shown in Figure 2.4c are connected to the individual port labeled 1 through 7 of the
switch matrix (Figure 2.6d), respectively. Next, DC power supply for Vj . with the 500 kQ series
resistor is connected to A of the switch matrix (Figure 2.6d). Positive and negative terminals of
DMM are connected to B and C of the switch matrix, respectively (Figure 2.6d). Switch matrix
can open or close the switch of multiple channels where any row can be connected and
disconnected to any column using the digital commands, eliminating a procedure to manually
change the experimental configuration for sequential heating in both micro-islands. Thus,
experiments for sequential heating in LHS and RHS micro-islands can be performed with digital
commands at each environmental temperature, overcoming the limitations described above.
Detailed experimental steps are illustrated in Figure 2.6d. Starting with heating in LHS micro-
island, Row A and Column 1 is always connected for heating in LHS micro-island (step 1). Then,
both Row B - Column 1 and Row C - Column 2 are connected to measure lead resistance Ry ;, (step
2). Next, connections in step 2 are disconnected, and new connections for Row B - Column 2 and
Row C — Column 3 are made to measure the coil resistance R ;, (step 3). Lastly, connections in
step 3 are disconnected, and the new connection for Row B — Column 3 and Row C — Column 7
are made to measure another lead resistance R, ;, (step 4). Once the experiment with heating LHS
micro-island is finished, another set of experiment with heating RHS micro-island can immediately
start with disconnecting all connections and maintaining the connection of Row A and Column 4
(step 5). Then, similar to experimental steps with heating the LHS micro-island, connections for
Row B — Column 4 and Row C - Column 5 are made to measure Ry, g (step 6). Next, connections

in step 6 are disconnected, and both Row B — Column 5 and Row C — Column 6 are connected to
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measure R¢ g (step 7). Finally, connections in step 7 are disconnected, and both Row B — Column
6 and Row C — Column 7 are connected to measure R;, p (step 8). Another advantage with the
experimental method using the switch matrix is that only one DMM is required instead of two
DMMS used in the conventional method, since the DMM can be connected to any channels using
the switch matrix (Figure 2.6d). We note that each lock-in amplifier is dedicated to LHS and RHS
micro-island, and temperature rises of both micro-islands (AT, AT, AT,', ATR") under sequential
heating can be obtained from measuring Vjy¢ 1 ac and V¢ g ac. For the choices of switch matrix
instruments, we tested two specific models Keithely 708B with 7173-50 matrix card and Keysight
U2751A. We found that both devices worked well.

In order to demonstrate the capability of accurate thermal conductance measurements with the
developed experimental technique using the switch matrix, we performed experiments with Si
nanowire under two scenarios: a symmetric supporting beam configuration representing an ideal
experimental condition and an asymmetric supporting beam configuration representing an
unexpected experimental condition. Si nanowire is synthesized by the method described in a past
study®. A single Si nanowire with a diameter of 105 nm is placed between the micro-islands with
a micromanipulator on a clean and undamaged suspended micro-island device. Then, electron
beam induced deposition of Pt is performed near the contacts between the Si nanowire and micro-
islands to further enhance thermal contact. Next, we performed the experiment with only one-side
heating to obtain the thermal conductance of the Si nanowire at varying temperatures from 100 K
to 310 K. Then, the temperature-dependent thermal conductivity of the Si nanowire is obtained
with Eq. 4 using measured dimensions of the nanowire through the scanning electron microscope
(SEM), as shown in Figure 2.7a. In addition, thermal contact resistance of 6.1 MK/W that was

obtained for Si nanowires in the past study* is subtracted from the sample thermal resistance to
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acquire thermal conductivity values. This data represents accurate thermal conductivity values of

the Si nanowire.
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Figure 2.7 (a) Temperature-dependent thermal conductivity of Si nanowire measured on symmetric
suspended micro-island device (i.e., representation of the ideal scenario). (b) SEM image of
suspended micro-island device where one supporting beam for RHS micro-island is intentionally
cut, representing asymmetric supporting beam configuration. (c) With the asymmetric device as
shown in (b), the temperature-dependent thermal conductivity of Si nanowire is obtained with
heating only one side of micro-islands and using the Eq. 1. The results show that experimental
errors can be significant if only one side heating is employed for devices with asymmetric beam
configuration. (d) Thermal conductivity of Si nanowires measured on asymmetric devices through
sequential heating with switch matrix and using Eq. 9 and Eq. 10. For comparison, data before
cutting the beam (shown in (a)) is plotted again. As clearly seen, sequential heating with the switch
matrix enables accurate measurements of thermal conductivity. BvKS model results are also
compared to experimental results, providing excellent agreement between theoretical and

experimental results.
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After obtaining the temperature-dependent thermal conductivity of Si nanowire, one SiNx beam
supporting the RHS micro-island of the device with the same Si nanowire is intentionally cut off
by focused ion beam etching, as shown in Figure 2.7b. This configuration is the representation of
an asymmetric supporting beam due to beam damages or undesired particles stuck to beams.
Subsequently, using the experimental technique with the switch matrix, we applied sequential
heating in both LHS and RHS micro-islands. In order to demonstrate the potential experimental
errors due to unexpected asymmetric beam configuration, thermal conductivity values of the Si
nanowire are obtained using the conventional procedure (i.e., using Eq. 4 with heating either in
LHS or RHS micro-island assuming symmetric beam), as shown in Figure 2.6¢c. As clearly seen,
measured thermal conductivity values from the device with an asymmetric beam can significantly
deviate from values under the symmetric beam configuration shown in Figure 2.7a. Thermal
conductivity values obtained using Eq. 4 for the device with asymmetric supporting beams are
31.0 W/m-K and 44.1 W/m-K at 298 K for the case of heating in LHS and RHS micro-island,
respectively. For the comparison, 36.6 W/m-K is obtained for the device with symmetric
supporting beams. In this particular experiment, analysis using Eq. 4 for the asymmetric beam can
result in the relative error of either -15% or 20%, depending on which micro-island is heated. This
result clearly shows that significant experimental errors can arise from asymmetric beam
configurations if only one-side heating is employed with the assumption of symmetric beam
configuration. To avoid such experimental errors, Eq. 9 or Eq. 10 can be used to obtain accurate
thermal conductivity values of the sample through sequential heating in LHS and RHS micro-
islands. Since the results from Eq. 9 and Eq. 10 can be slightly different due to measurement
uncertainties,** average values of thermal conductivity from Eq. 9 and Eq. 10 are obtained and

plotted as a function of temperature in Figure 2.7d. We note that Eq. 9 and Eq. 10 are more simple
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temperature-dependent thermal conductivity values of Si nanowire before cutting the SiNx beam
are also plotted in Figure 2.7d. As clearly seen, temperature-dependent thermal conductivity values
from Eq. 9 and Eq. 10 (denoted as “Sequential Heating for asymmetric beams”) are in excellent
agreement with the thermal conductivity values that were obtained before cutting the SiNx beam.
This demonstration suggests that sequential heating in LHS and RHS micro-islands enabled by the
switch matrix and the analysis through Eq. 9 and Eq. 10 result in accurate thermal conductivity
measurements despite asymmetric beam configurations. With this advanced experimental
technique, the reliability of experiments with suspended micro-island device can be further
improved by eliminating experimental errors due to unexpected asymmetric beam configuration.

To compare the experimental thermal conductivity results of the Si nanowire with theoretical
values, we used the Born-von Karman-Slack (BvKS) analytical model to computationally estimate
the temperature-dependent thermal conductivity of Si nanowire with a diameter of 105 nm. The
detailed explanation for BvKS model can be found in past work.*® Briefly describing BvKS model,
the phonon dispersion is approximated as isotropic Born-von Karman sine function w =
woSIN(Tq/2qmax), Where q,qy 1s the cutoff wavevector determined by the atomic density and w,
is the constant determined from group velocity being the speed of sound at low-frequency limit
(wo = 2V4Qmax/T, Where v, is the group velocity). Since BVKS model employs sine-type
dispersion, group velocity at g, 1S zero, which resembles closer to actual dispersion of Si
acoustic branches compared to the linear dispersion of Debye model. Three acoustic branches are

lumped into a single effective branch with the average sound velocity of 6084 m/s. Boundary,
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impurity, and phonon-phonon scatterings are considered for phonon scatterings. Boundary

scattering rate is given as 7,1 = Vy/b, where v, is the group velocity and b is the dimension of
the boundary, i.e., the diameter of nanowire. Impurity scattering rate is given as T{,,%p = Aw* where

A is the fitting parameter. Phonon-phonon Umklapp scattering rate is modeled as tj;! =
Pw?Te=Cu/T where P and Cy are fitting parameters. Fitting parameters of 4 =2.54 x 104 s* P
=1.53 x 10 s/K, and Cy; = 144 K are taken from the past study by Yang et al*® . Then, we use the
Matthiessen’s rule to obtain the effective mean free path Agf, = (7, + T, + Ty") /vy Setting

the Si nanowire diameter of » = 105 nm, temperature-dependent thermal conductivity from BvKS
model is obtained, as shown in Figure 2.7d. As can be seen, computational and experimental results
agree well with each other over the studied temperature range, which is consistent with the
previous study.*>*** We note that heat conduction by optical phonons can be ignored for the current
study, but the inclusion of optical phonons for thermal conductivity estimation will be necessary

at higher temperatures and/or for nanowires with smaller diameters.*>*’

2.4. Conclusion

Experimental technique based on the suspended micro-island device has been further advanced
through structurally strengthening beams that support micro-islands as well as introducing
systematic sequential heating in micro-islands using switch matrix. Specifically, T-shaped SiNx
beams were created with one additional etching step. Compared to conventional flat beams, T-
shaped SiNx beams increased the stiffness by one order of magnitude, but minimally increased the
thermal conductance. Thus, thermal isolation of micro-islands with T-shaped beams was roughly
equivalent to that with flat beams, which is one of the critical requirements for experiments with

suspended micro-island devices. Further, the rigid structure enabled through T-shaped beams
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reduced the translation and tilting of micro-islands, and experimental failures due to loose thermal
contacts between the sample and micro-islands were minimized. Next, we developed the
experimental procedure for sequential heating in micro-islands with the use of the switch matrix.
Sequential heating can be used to either study heat transfer dependence on heat flow directions
with a suspended micro-island device that has symmetric beam configuration or measure accurate
sample thermal conductance even under asymmetric beam configuration. We demonstrated the
precise measurement of the thermal conductivity of Si nanowire through sequential heating in
micro-islands using the switch matrix. Specifically, to validate the results, we compared the
conventional experimental method that was performed on the clean and undamaged device to the
developed experimental method that was performed on the device where one supporting beam is
cut off. Sequential heating using the switch matrix and structurally strengthened suspended micro-
island device will continue to make more extensive use of the technique based on suspended micro-

island devices in the field of nanoscale heat transfer.

35



Chapter 3 Thermal transport in polymer nanofiber: case study of polyethylene

oxide nanofiber

3.1. Introduction

With the rapid development of power electronic devices, thermally conductive materials are
required in order to achieve high-performance thermal management. Polymers have been
attracting more attention due to their outstanding material properties, including lightweight, low
cost, excellent chemical stability, and easy manufacturing.> However, most polymers at bulk scale
are considered thermally insulator as their thermal conductivity is in order of 0.1 W/m-K limiting
their application.'*® Thus, polymers with high thermal conductivity are desired to expand its

application in electronics packaging polymeric heat exchangers, and thermal interface materials.*’

To date, numerous methods have been proposed in order to enhance the thermal conductivity of
polymers, such as adding conductive fillers or engineering polymers’ internal structures (e.g.
crystallinity and molecular alignment). With the former method, conductive fillers such as
aluminum oxide, boron nitride, aluminum nitride, silicon nitride, graphite, graphene, graphene
oxide, and carbon nanotube, etc. were used to make conductive polymer nanocomposite.!
However, poor contact between polymers and conductive fillers could result in phonon scattering
at the contact area reducing the impact of conductive fillers on the thermal transport of polymer
nanocomposite.’*° Thus, a significant amount of conductive fillers is required in order to improve
the thermal conductivity of polymer/filler composite. It is also unfortunate that adding significant
fillers might trade off the unique mechanical properties of polymers. Another method of improving
the thermal conductivity of polymers is engineering their internal structures. While theoretical

analysis suggests that the thermal conductivity of a single polyethylene (PE) chain can reach an
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extremely high value of 350 W/m-K out performing most of conductive metals,® experiments
demonstrate that the PE nanofiber achieves a thermal conductivity of 104 W/m-K.>! In other
words, if the polymers chain is aligned, their thermal conductivity can be significantly increased
in the chain alignment direction. To date, several polymers have been investigated for their thermal
conductivity with aligned chains such as polyethylene (PE), polyvinyl alcohol (PVA), polyvinyl
chloride (PVC), polyvinylidene fluoride (PVDF), polypropylene (PP), poly(methyl methacrylate)
(PMMA), etc...*>>? It has been shown that with the enhanced morphology, the thermal conductivity

of polymers is greatly improved.

Mechanical stretching,?® nanoscale templating,>* and electrospinning®> have been shown to be
great techniques for internal structures enhancement. Polymer nanofibers fabricated from
mechanical stretching and nanoscale templating have been shown significantly thermal
conductivity enhancement. For example, the thermal conductivity of ultrahigh molecular weight
PE nanofiber fabricated from mechanical stretching could exceed 40 W/m-K with the drawing
ratio beyond 300,%° or high density PE nanofiber fabricated from nanoscale templating could
achieve significantly improved thermal conductivity of 26.5 W/m-K with the diameter of 200
nm.>* However, these techniques are either limited to certain polymers or not efficient for large-
scale manufacturing. On the other hand, electrospinning is a versatile technique that can be
applicable for not only wide range of polymers but also be able to use for large-scale

manufacturing.

Polymer nanofibers fabricated from electrospinning usually exhibit significant improvement in
internal structures leading to the enhancement of thermal and mechanical properties.**>” In the
traditional electrospinning (TES, also called far-field electrospinning) technique, due to the high

applied voltage and large distances between the nozzle and collector the bending instability of
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nanofiber appears leading to random deposition of nanofiber on the collector.’® This random
deposition can negatively affect the application of electrospinning where precise nanofibers
deposition is required such as in nanogenerators, tissue engineering, wearable sensors,
nanodevices, and microelectromechanical systems.>® Recently, near-field electrospinning (NFES)
has been developed in order to address the nanofiber deposition controllability issue in TES. The
notable differences between NFES and TES is that the applied voltage and the nozzle — collector
distance in NFES are significantly smaller compared to that of TES, enabling the precise
deposition of nanofibers onto the collector.’> However, there is lack of study on the thermal
transport of NFES nanofibers; thus, great attention must be given to studying the thermal transport

of NFES polymer nanofibers.

Another key point of studying polymer nanofiber in thermal field is that there is lack of study on
the understating of relationship between internal structures change and thermal transport at single
nanofiber level. For example, Lu et. al. investigates the effect of molecular structure on thermal
conductivity of PEO nanofiber.”® They employed polarized FTIR spectroscopy to study the
molecular orientation on a PEO nanofibers bundle; thus, macroscopic alignment among fibers
might significantly affect the molecular orientation analysis. Zhang et. al. used polarized Raman
spectroscopy to study the molecular orientation on single nanofiber of series of vinyl polymer;
however, no quantitative analysis has been made.>? Therefore, it is necessary to develop a
systematic method to quantitatively investigate the effect of molecular structures to thermal

transport at single nanofiber level.

In this work, we investigated the thermal transport and internal structures of electrospun
polyethylene oxide (PEO) nanofibers that were fabricated using the custom-made NFES

equipment. The relationship between thermal conductivity and internal structures of PEO
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nanofiber was then established for elucidating the enhancement of PEO nanofiber thermal
conductivity. The paper is structured as follows. First, fabrication of PEO nanofibers using custom-
made NFES equipment is discussed. Next, we describe the thermal conductivity measurement of
single PEO nanofiber fabricated from varying PEO molecular weight using suspended micro-
islands device. Then, the characterization of PEO nanofibers internal structures including
crystallinity and molecular orientation are discussed to elucidate the change of nanofibers’ internal
structures with variation of molecular weight and how the change of molecular structure affects
their thermal conductivity. Finally, we discuss the effect of molecular concentration on the change

of PEO nanofibers’ internal structures and thermal transport.

3.2. Experiments

3.2.1. Materials

PEO powders with molecular weight of 9 x 10> g/mol (denoted as PEO L), 2 X 10° g/mol
(denoted as PEO M), and 4 x 10° g/mol (denoted as PEO H) were purchased from Sigma

Aldrich.

3.2.2. Fabrication of PEO nanofibers

The synthesis of PEO nanofibers was achieved through the utilization of a custom-made NFES
system.®” This apparatus incorporated various high-precision components, including an XYZ
positioning stage (ONE-XY 100 for XY axes with micrometer resolution, and GTS30 V for Z-axis
with sub-micrometer accuracy, both from Newport). Visual observation was enabled by a long-
range microscope (K2 Distamax, Infiniti, Basler ace) in conjunction with a USB camera

(Koolertron). The electrospinning process was driven by a voltage supply (PS350, Stanford
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Research Systems), while material extrusion was regulated via a pneumatic dispensing mechanism
(Ultimus V, Nordson). To minimize variability in NFES parameters, the applied voltage (600 V),
tip-to-collector distance (0.5 mm), and collector speed (10 mm/s) were maintained constant. The
successful execution of electrospinning is contingent upon the appropriate viscosity of the polymer
solution. Following extensive experimentation with various weight percentages, a 4 wt%
concentration of PEO was determined to be suitable for the fabrication of nanofibers across three
distinct molecular weights. The PEO nanofibers of three molecular weight were then denoted as
PEO L 4wt, PEO M 4wt, and PEO H 4wt. Subsequent thermal conductivity analysis revealed
that PEO_M 4wt exhibited superior performance. Consequently, further investigation focused on
the effect of molecular concentration using PEO M at various weight percentages (e.g. 3, 4, and
5 wt%). The resultant nanofibers were designated as PEO M 3wt, PEO M 4wt, and

PEO M 5wt

3.2.3. PEO nanofibers characterization

The thermal conductance measurement of single PEO nanofiber was performed using the
suspended micro-island devices method. This method has been widely used to measure the thermal
conductivity of many low-dimensional system such as thin films,* nanowires,®! nanotubes,>”-*8
and nanofibers.*>%* Briefly, the suspended micro-islands devices consist of two micro-islands and
long supporting beam to thermally isolate the islands. The device with sample placed between 2
islands was located in high vacuum chamber (< 107 Torr) to prevent the convection heat transfer.
We previously developed the design of the suspended micro-island devices with the use of T-shape

supporting beam instead of a conventional one (rectangular shape) results in the improvement of

the devices stiffness.®
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The morphology of PEO nanofibers was characterized by Hitachi S-4800 field-emission scanning
electron microscopy (FE-SEM). The SEM images were captured at a low voltage (2 kV) to
mitigate the damage to PEO nanofibers which could result in measurement inaccuracy. The
internal structures of PEO nanofibers were measured by conventional Raman spectroscopy,
polarized Raman spectroscopy, and polarized Fourier transform infrared (FTIR) spectroscopy. In
more detail, crystallinity of PEO nanofibers was acquired from the DXR2xi Raman imaging
microscope (Thermo Scientific) using 532 nm laser radiation at room temperature. The spectra
were collected under 1 mW laser power with the exposure time of 1 second and 20 accumulations.
The molecular orientation of PEO nanofibers was calculated from polarized Raman spectra and
polarized FTIR spectra. The polarized Raman spectra of PEO nanofibers were recorded in the
backscattering geometry with a LabRam HR800 spectrometer (Horiba Jobin Yvon) coupled with
an Olympus BX41 microscope at room temperature. The confocal hole and the slit width were
both fixed at 250 um or 300 um. A 632.8 nm He—Ne laser was focused on the sample with a 100X
long working distance objective (0.8 NA). A half-wave plate and a polarizer were used to set the
polarization of the incident laser beam and to select the parallel (Z) and perpendicular (X)
component of the scattered beam, respectively. A scrambler was placed before the 600 groove/mm
holographic grating. The acquisition time ranged from 8 s to 10 s and the number of accumulations
from 8 to 10 acquisitions. The polarized FTIR spectroscopy measurements were performed using
a Tensor 27 (Bruker Optics) spectrometer equipped with a Seagull variable angle reflection
accessory (Harrick Scientific) with a near-normal incidence angle of 10°. The absorbance spectra
were recorded with 100 scans and a resolution of 4 cm™'. The parallel (|l) and perpendicular (1)

polarizations were determined with respect to the main axis of the bundle of fibers.
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3.3. Results and discussion
3.3.1. PEO nanofibers fabrication using NFES

First, we describe the nanofiber fabrication process using a home-made NFES equipment. Figure
3.1a demonstrates the working mechanism of NFES. In contrast to TES techniques, NFES employs
reduced electrical potential (600V) and a diminished tip-to-collector distance (0.5mm). These
parameters facilitate the precise deposition of nanofibers onto micro-island structures, as
illustrated in Figure 3.1b, which is crucial for subsequent thermal conductivity measurement using
suspended micro-islands device. The NFES methodology allows for significant control over fiber
morphology, with resultant diameters ranging from nanoscale to several micrometers.®* ¢ This
dimensional variability is achieved through the modulation of key process parameters, including
applied voltage, tip-to-collector distance, polymer solution concentration, pneumatic back
pressure, collector velocity. Through controlling these variables, PEO nanofibers with diameters
spanning 100-400 nm were successfully fabricated (Figure 3.5). This fine control over fiber
dimensions potentially enhances the internal structural characteristics of the nanofibers, which

may have significant implications for their thermal and mechanical properties.
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Figure 3.1 (a) Schematic of fabrication PEO nanofibers using NFES for thermal conductivity
measurement. The applied voltage is 600 V and distance between nozzle and substrate is 0.5 mm.
(b) SEM images of single PEO nanofiber that directly deposited on the micro-islands device. It is
clearly seen that the PEO nanofiber is well positioned between 2 micro-islands. The inset in (b) is
the zoomed in of PEO nanofiber bridged between 2 micro-islands. The scale bar in the inset is 800
nm. Thermal conductivity of PEO nanofibers with variation of PEO molecular weight (c) as a

function temperature and (d) at 300 K. There are 2 to 5 samples that were collected for each type

of PEO nanofiber in (d).
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3.3.2. Effect of molecular weight on thermal conductivity of PEO nanofibers

First, we characterize thermal conductivity of PEO nanofibers using suspended micro-islands
device. Thermal contact resistance between samples and islands plays a critical role in measuring
thermal conductance of materials using suspended micro-island devices. Minimizing thermal
contact resistance is desired to obtain accurate measurement results. The common method to
mitigate the thermal contact resistance is to deposit conducting material such as platinum and
carbon at the contact area using a dual-beam focused ion beam (FIB) or electron beam-induced
deposition (EBID).!**-$! However, FIB and EBID might not be applicable for polymer nanofiber
since they can potentially damage the nanofiber resulting in thermal conductivity reduction of the
nanofiber.” We have tested this hypothesis by measuring the thermal conductivity of PEO
nanofiber before and after SEM characterization, the thermal conductivity of PEO nanofiber is
significantly reduced after the SEM characterization (Figure 3.6). Thus, instead of depositing
conductive materials the thermal contact resistance between nanofiber and islands was measured.

Detailed characterization of thermal contact resistance can be found in the Supporting Information
(Figure 3.7). The thermal contact resistance is R; = 2.3 X 10° (%) which in a good agreement

compared to the previous study.®?> Consequently, the influence of thermal contact resistance to the
measured thermal conductivity of PEO nanofiber is insignificantly small (~4%). There are two
plausible reasons that may enhance thermal contact between nanofiber and micro-islands. First,
the nanofiber was deposited along the islands thus the contact area between them are considerably
higher compared to other study using suspended micro-islands device.*$! Second, since the
nanofiber was directly printed on the micro-islands the drying process could also help to anchor

the nanofiber to the micro-islands.
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Figure 3.1c presents the intrinsic thermal conductivity of PEO nanofibers with the temperature
range from 100 K to 310 K. As seen, the thermal conductivity of all PEO nanofibers exhibits more
or less the same temperature dependency (Figure 3.8). In more detail, the thermal conductivity of
PEO nanofibers increases with the temperature increases from 100 K to 200 K and reaches the
maximum value around 225 K; then decreases as the temperature further increases to 310 K
(Figure 3.1c). The dependency of thermal conductivity on temperature can be explained by the
glass transition temperature (Tg). Since T, of PEO is in the range from 213 to 228 K,%” below T,
the PEO polymer is in glass state where the movement of chain segments are confined. Thus, with
the increase of temperature below Ty the thermal conductivity of PEO nanofiber increase with the
increased heat capacity.*” When the temperature increases above Tg, the polymer enter to the
rubbery state where the molecular chain are more freely to move and the segmental rotation is
more frequent.*’ These behaviors cause more phonon-phonon scattering leading to the reduction

of thermal conductivity.®

Figure 3.1d compares the thermal conductivity of three types of PEO nanofibers at 300 K. Among
the three types of PEO molecular weight, the average thermal conductivity of PEO M 4wt
nanofibers exhibits the highest value (2.7 W/m-K), followed by PEO_L 4wt nanofiber (1.5
W/m-K). The PEO_H 4wt nanofiber presents the lowest thermal conductivity (0.9 W/m-K). It is
noted that we chose PEO M 4wt nanofiber to estimate thermal contact resistance between
nanofiber and micro-islands since its thermal conductivity is influenced the most by thermal
contact resistance. Since the thermal conductivity of PEO at bulk scale is 0.2 W/m-K,> the lowest
thermal conductivity of PEO nanofiber (PEO_H 4wt) is 4 times higher than bulk PEO. The
PEO M 4wt nanofiber thermal conductivity shows the greatest increment in our study compared

to that of bulk PEO which is about 13 times higher in magnitude. Interestingly, the relationship of

45



the thermal conductivity corresponds to molecular weight of our study is different compared to
previous study.”? For instance, Zhang et al. studied on thermal conductivity of electrospun
polyethylene (PE) nanofibers with variation of molecular weight.>* They found that for electrospun
PE nanofiber, the higher molecular weight results in electrospun PE nanofiber with stronger
improved in chain alignment; and this chain alignment improvement is the cause of thermal
conductivity enhancement. In order to understand the effect of PEO molecular weight on molecular
structures of NFES PEO nanofibers as well as how the molecular structures change influence the
thermal conductivity of PEO nanofibers, we next characterize the molecular structures (e.g.

crystallinity, and molecular orientation) of PEO nanofibers.
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Figure 3.2 Raman spectroscopy analysis of PEO nanofiber. (a) Three Raman spectra of
PEO M 4wt nanofiber that were obtained continuously at I location for measurement verification
purpose. (b) Raman spectra of PEO nanofibers with variation of PEO molecular weight. (c)
Crystallinity analysis of PEO with molecular weight changes. As seen the crystallinity of all PEO

nanofiber increases compared to that of bulk PEO.

First, the crystallinity of PEO nanofibers is discussed. There are numerous techniques have been
used to investigate the crystallinity of polymers such as differential scanning calorimetry (DSC),%

X-ray diffraction analysis (XRD).”>’! However, these measurement techniques require significant
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amount of samples. Thus, it is extremely challenging to use these techniques for studying
molecular structures of single nanofiber. In this work, we employed Raman spectroscopy to probe
the crystallinity of PEO nanofibers. The advantage of Raman spectroscopy is that it can perform
the measurement on a single nanofiber. In the Raman spectroscopy measurement, the energy of
laser source could damage the sample during the measurement. To verify the setup parameters, we
repeat the Raman measurement of PEO nanofiber at 1 location 3 times. The 3 Raman spectra at 1
location of PEO nanofiber overlap to each other indicating that the nanofiber does not damage

during the measurement (Figure 3.2a).

In theory when only steric effects would be considered then the ##f conformation with all atoms in
backbone O-C-C-O aligned in trans conformation () would be the most stable. However, the most
stable conformation in crystal structure of PEO is gauche conformation, designated as #g#, which
is caused from electrostatic interaction between net positive and negative charges that accumulate
on the backbone.”>”* In other words, in the crystalline regime of PEO, the majority of C-C bonds
are in gauche conformation while O-C and C-O bonds are in trans conformation. Hadri et. al. used
the Raman spectroscopy method to measure the crystallinity of polyethylene glycol (PEG) under
variation of temperature.” They quantify the crystallinity of PEG by the ratio of gauche to total
conformation (gauche and trans) of C-C bond and found that the crystallinity of PEG increases
with the increase of temperature up to melting temperature. It is well noted that PEO and PEG
have the same chemical structure. Hence, we can use the gauche conformation of C-C to quantify
the crystallinity of our PEO nanofibers. In the Raman spectra of PEG, the peak 1282 ¢cm™ and

1233 cm'! are corresponding to gauche and trans conformation of C-C bond, respectively.” Then

1282

the crystallinity can be qualitatively quantified by the _fizee

I1282+11233

ratio.
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Figure 3.2b shows the Raman spectra of PEO nanofibers of three molecular weights. As seen, the
Raman peaks of PEO are shown in both powders and nanofibers indicating that our measurement

is reliable (the Raman spectra of PEO powders can be found in Supporting Information, Figure

1282

3.9). Figure 3.2c compares the _fuzee

ratio of PEO powder and nanofiber with variation of
I1282+11233

molecular weight. As expected, by forming nanofiber, the crystallinity of PEO nanofibers increases
compared to PEO powder. The enhanced crystallinity by forming electrospun nanofiber was also
found in previous study of PEO nanofiber.”> For nanofiber comparison, the crystallinity of
PEO L 4wt, PEO M 4wt, and PEO_H 4wt nanofibers is more or less equal (Figure 3.2c).
Although PEO nanofibers exhibit a higher degree of crystallinity than the bulk counterpart, the
difference in PEO nanofibers’ thermal conductivity cannot be explained by the crystallinity result.
Since the crystallinity result was unable to account for the discrepancy of PEO nanofibers thermal

conductivity, we next characterize the molecular orientation of PEO nanofibers.

Next, the molecular orientation of PEO nanofibers was examined using polarized Raman
spectroscopy and polarized FTIR spectroscopy. First, the polarized Raman spectroscopy is
discussed. The schematic of polarized Raman spectroscopy measurement for single nanofiber can
be found in Figure 3.3a. It is noted in the polarized Raman spectra that the Z and X direction refer
to the axial and radial direction of the nanofiber, respectively. Four polarized spectra were
collected, including two parallel-polarized (ZZ and XX) and two cross-polarized spectra (ZX and
XZ). The Raman spectra were collected following the order ZZ, ZX, XX, XZ, ZZ2. The second
77?2 spectrum was obtained to make sure that there is no potential loss focus during the experiment
(if the intensity of second ZZ2 spectrum deviates more than 5 % compared to the first ZZ, then
that measurement is rejected). Figure 3.3b presents a set of four polarized Raman spectra of

PEO L 4wt sample that were obtained from single nanofiber (a larger spectral range of
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PEO L 4wt and other PEO nanofibers can be found in Figure 3.10). The peak intensity contrast
of ZZ spectra and XX spectra demonstrates a strong preferential orientation of the molecular chains
in the nanofiber direction (Z direction). In Raman spectra of PEO nanofibers, the 1072 cm™ band
represents of CH» rocking and C-O-C symmetric stretching for zgt conformation; and the 1126 cm™
! band represents of C-O-C symmetric stretching for fgt and #t conformation.’® These two bands
can be used to study the molecular orientation of PEO nanofiber.”> The 1126 cm™ band was chosen
in this study to investigate the molecular orientation of PEO nanofiber since it is more intense
compared to 1072 cm™ band. The molecular orientation of the backbone nanofiber can be
quantified by the order parameter ({(P,)).”” Traditionally, (P,) parameter is calculated using
depolarization constant (DC) method where additional polarized Raman spectroscopy
measurements on a perfectly isotropic sample are required.”® However, preparing perfectly
isotropic PEO samples is extremely challenging. To prevent the potential error using DC method,
we applied the most probable distribution (MPD) method to obtain the (P,) parameters of PEO
nanofiber as previous studies have proven its reliability for PEO nanofibers.”>” The details of the
MPD method can be found in Supporting Information section. Figure 3.3c present the (P,)
parameter of PEO nanofibers. Notably, the (P,) parameter of our PEO nanofibers is similar to that
of the PEO nanofiber fabricated from TES,”” indicating that the electrostatic force in our NFES is
sufficient to stretch the PEO molecular chain. While the absolute differences are small, the (P,)
parameter of PEO M 4wt nanofiber indicates the highest orientation, followed by PEO L 4wt

nanofiber, while PEO_H_4wt nanofiber shows the lowest (P,) value (Figure 3.3c¢).
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Figure 3.3 Molecular orientation characterization of PEO nanofiber. (a) Schematic of polarized
Raman spectroscopy measurement on a single nanofiber. (b) Four polarized Raman spectra of
PEO L 4wt nanofiber. (c) (P,) parameter of PEO nanofibers with variation of molecular weight.

(d) Two polarized spectra of PEO_L 4wt nanofiber. (e) The dichroic ratio of PEO nanofibers with

variation of molecular weight. (f) The relationship between thermal conductivity and molecular
orientation (e.g. (P,) parameter, and dichroic ratio) of PEO nanofibers with variation of molecular
weight. There is a clear trend that thermal conductivity of NFES PEO nanofibers increases as the

increment of molecular orientation.

The molecular orientation results from polarized Raman spectroscopy were well supported by
polarized FTIR spectroscopy. Since polarized FTIR measurement was performed on a bundle of
PEO nanofibers, the molecular orientation result is a combination of macroscopic alignment
(nanofibers alignment) and microscopic alignment (molecular orientation). With the help of NFES,
the PEO nanofibers were parallelly deposited on the substrate, ensuring macroscopic alignment of

the nanofibers (Figure 3.11). Then, the molecular orientation can be accurately obtained from
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polarized FTIR spectroscopy. Figure 3.3d presents the polarized FTIR spectra of PEO L 4wt
nanofibers (the polarized FTIR of other PEO nanofibers can be found in Figure 3.12). Typical
peaks of PEO can be clearly shown in FTIR spectra such as 961 cm™! (CHz rocking and stretching),
1099 cm™! (C-O stretching), and 1341 cm™! (CHz wagging).8%8! It is clearly seen in the FTIR spectra
that the peak intensities in parallel (axial direction of nanofiber) polarization is greatly higher than
that in (radial direction of nanofiber) polarizations, indicating that the molecular chains are
oriented in the fiber direction. Since the 1099 cm™! peak represents the C-O stretching, this peak

can be used to quantify the molecular orientation of PEO nanofiber.’*3! In polarized FTIR

spectroscopy, the molecular orientation can be quantified using the dichroic ratio:3'* R = I—";
1

where I, and I, are the parallel-polarized and perpendicular-polarized intensity of the peak of
interest, respectively. It can be interpreted that the polymer nanofibers with higher dichroic ratio
have a greater molecular orientation in the fiber direction. Figure 3.3e compares the dichroic ratio
of PEO nanofibers with different molecular weights. As seen, the PEO M 4wt nanofibers has the
highest dichroic ratio value (6.3 + 2.5), followed by PEO L 4wt nanofiber (3.8 + 0.3). The
PEO H_4wt shows the lowest value of dichroic ratio (2.6 & 0.3). As previously discussed,3* the
FTIR spectra of fiber bundles are affected to some degree by anomalous dispersion, which can
affect the absolute value of the bands and the calculated dichroic ratio. Nevertheless, the trends in
molecular orientation determined by polarized FTIR spectroscopy agree well with those
determined by polarized Raman spectroscopy at the single fiber level, thus reinforcing their
validity (Figure 3.3f). The relationship between thermal conductivity and molecular orientation
(e.g. (P,) parameter, and dichroic ratio) is shown in Figure 3.3f. There is a clear trend that the
thermal conductivity of PEO nanofibers increases as the increase of molecular orientation. The

relationship between thermal conductivity and molecular orientation of PEO nanofibers is well-
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supported by a previous study.>® They also reported that the thermal conductivity of PEO nanofiber

bundles increases with the increase of molecular orientation along the fiber direction.
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Figure 3.4 Thermal conductivity of PEO nanofibers fabricated by variation of PEO molecular
concentration (a) as a function of temperature and (b) at 300 K. There are 3 to 5 samples that were
collected for each type of PEO nanofiber in (b). (c) Crystallinity analysis of PEO nanofibers. The
crystallinity of PEO nanofibers is more less similar. (d) (P,) parameter of PEO nanofibers with
variation of concentration. (e) The dichroic ratio of PEO nanofibers with variation of
concentration. (f) Relationship between thermal conductivity and molecular orientation (e.g. (P,)
parameter, and dichroic ratio) of PEO nanofibers with variation of molecular concentration. It
can be seen in NFES of PEO nanofiber that the molecular orientation of PEO nanofibers is altered
during the electrospinning process results in the change of thermal conductivity. The relationship
between thermal conductivity and molecular orientation of PEO nanofiber produced with different
molecular concentration is similar to that of PEO nanofibers fabricated from varying molecular

weight.
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3.3.3. Effect of molecular concentration on thermal conductivity of PEO nanofiber

Next, the effect of PEO molecular concentration on nanofibers’ thermal conductivity was
investigated. The PEO M 4wt was chosen for this study since it exhibits the highest thermal
conductivity among three types of molecular weight. The thermal conductivity of PEO M 3wt,
PEO M 4wt, and PEO M 5wt nanofiber with respect to temperature range from 100 K to 310 K
is shown in Figure 3.4a. As seen, the temperature dependency of nanofibers fabricated from
varying molecular concentration is similar to that of PEO nanofibers fabricated from different
molecular weights (Figure 3.8). Figure 3.4b compares the thermal conductivity of PEO nanofibers
at 300 K, it follows by the trend: PEO M 5wt (2.1 W/m'K) < PEO M 3wt (2.3 W/m'K) <
PEO M 4wt (2.7 W/m-K). As seen, the thermal conductivity of PEO M 4wt nanofiber exhibits
the highest thermal conductivity among three types of polymer nanofiber. This observed trend is
somewhat contradict compared to previous study where they studied the thermal conductivity of
electrospun PEO nanofibers with varying concentrations from 8.4% to 12.5%.%° They observed
that as the concentration of PEO increases, the thermal conductivity of electrospun nanofibers

decreases.

Although the crystallinity values obtained from Raman spectroscopy analysis for the three PEO
nanofibers are quite similar, this similarity does not account for the differences observed in their
thermal conductivity results (Figure 3.4c). The full Raman spectra of PEO M 3wt and
PEO_M_5wt nanofiber can be found in Figure 3.13. On the other hand, molecular orientation of
these PEO nanofiber appears to influence the thermal conductivity. In more detail, Figure 3.4d&e
present the (P,) parameter and dichroic ratio of PEO nanofibers with variation of molecular
concentration, respectively (the full polarized Raman spectra and polarized FTIR spectra can be
found in the Supporting Information (Figure 3.10&3.12)). For both (P,) parameter and dichroic
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ratio of PEO nanofibers, the trend is PEO M 5wt < PEO M 3wt < PEO_M 4wt. This finding
suggests that, among the three nanofibers, the molecular orientation along the fiber direction is
highest in the PEO M 4wt nanofiber, followed by the PEO M 3wt nanofiber, while the
PEO M 5wt nanofiber exhibits the lowest molecular orientation. Thus, as molecular orientation
along the fiber direction increases the thermal conductivity of PEO nanofiber increases (Figure
3.4f). This result aligns with the study of the effect of PEO molecular weight on the thermal

conductivity of PEO nanofiber discussed above.

3.4. Conclusion

In conclusion, the thermal transport and internal structures of single PEO nanofiber fabricated by
NFES technique has been investigated. The PEO nanofibers fabricated by variation of molecular
weight and concentration were used to study the effect of molecular weight and concentration on
nanofibers’ thermal conductivity. It was found that the electrospun PEO nanofibers fabricated from
NFES exhibit significant thermal conductivity enhancement compared to bulk PEO. The highest
thermal conductivity of PEO nanofiber is equal to 2.7 W/m-K (PEO_M_4wt) which is more than
13 times higher in magnitude compared to that of bulk PEO (0.2 W/m-K). Raman spectroscopy
measurement revealed that even though the crystallinity of PEO nanofibers monotonically
increases compared to PEO powders, it is not a main factor that contributes to the change of PEO
nanofibers thermal conductivity. Polarized Raman spectroscopy and polarized FTIR spectroscopy
confirmed that the main contribution for the thermal conductivity enhancement in PEO nanofiber
is molecular orientation along the fiber direction regardless of the change in molecular weight and
concentration. Specially, the MPD method employed in polarized Raman spectroscopy has proven
to be an accurate method to quantitatively determine single nanofibers’ molecular orientation. The

approach in our study can be used for thermal transport investigation in other nanofiber systems.
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Further, this result could contribute to the application expansion of polymer nanofibers where high

thermal conductivity is required such as electronic packaging and thermal interface materials.

3.5. Supporting Information

3.5.1. SEM images of PEO nanofibers

1um 1um

Figure 3.5 SEM images of PEO nanofibers. (a) PEO_H 4wt nanofiber (diameter d = 397 nm),
(b) PEO M 4wt nanofiber (d =208nm), (c) PEO _L 4wt nanofiber (d = 147 nm), (d)

PEO_M 3wt nanofiber (d = 194 nm), and (e) PEO_M 5wt nanofiber (d = 172 nm).
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3.5.2. Thermal conductivity of PEO nanofiber before and after SEM characterization
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Figure 3.6 Thermal conductivity of PEO_M 4wt nanofiber before and after SEM characterization.
The thermal conductivity of PEO nanofiber significantly reduced after SEM indicating potential

damage from high power electron of SEM to the PEO nanofiber.

3.5.3. Thermal contact resistance characterization

The measured thermal resistance (Rr) is the combination of intrinsic thermal resistance of PEO

nanofiber (Rg = %%) where L is length and A is cross sectional area of nanofiber, and thermal
contact resistance between nanofiber and islands (Rc): Rt = Rg + R, = %% + R(. Thermal contact

resistance is then obtained from intersection of the fitting curve with y axis from the Ry versus "
plot. PEO M 4wt nanofiber was chosen to investigate the thermal contact resistance between

nanofiber and micro-islands device. Figure 3.7 presents the R of PEO_M as a function of %. The

thermal contact resistance is R, = 2.3 X 10° (%). The measured thermal resistance is only slightly

influenced by thermal contact resistance (~4%), meaning that the intrinsic thermal conductivity of
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PEO_M nanofiber is approximately 4% greater than the measured thermal conductivity (Figure

3.7b). It is noted that R, = 2.3 X 10° (%) was applied to all PEO nanofibers in this study.
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Figure 3.7 Thermal contact resistance analysis between PEO nanofiber and micro-islands. (a) a

simple resistance model to investigate the thermal contact resistance between PEO nanofiber and
. . . L .
micro-islands. The plot of measured thermal resistance versus e the thermal contact resistance

can be extracted from the intersection between the curve fitting and the y axis. (b) Comparison
between the measured thermal conductivity and intrinsic thermal conductivity after thermal

contact resistance deduction.
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3.5.4. Thermal conductivity dependency on temperature of PEO nanofibers
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Figure 3.8 Normalized thermal conductivity of (a) PEO nanofibers with variation of molecular

weight and (b) variation of concentration as a function of temperature. The thermal conductivity

ki

of PEO nanofiber was normalized individually using the following equation: k, = P where

max

kn, ki, and kg are normalized thermal conductivity, thermal conductivity at specific

temperatures, and maximum thermal conductivity of PEO nanofiber from the temperature range

100K to 310 K.

3.5.5. Raman spectra of PEO powders
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Figure 3.9 Raman spectra of PEO powders.
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3.5.6. Polarized Raman spectra of PEO nanofibers
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Figure 3.10 A large range of polarized Raman spectra of (a) PEO _H 4wt nanofiber, (b)
PEO M 4wt nanofiber, (c) PEO L 4wt nanofiber, (d) PEO_M 3wt nanofiber, and (d)
PEO_M_5wt nanofiber. The large feature at around 600 cm™ is due to the substrate and did not

affect the quantification of the orientation.

3.5.7. A detailed description of molecular orientation parameter calculations based on the

most probable distribution (MPD) method

The molecular orientation can be described by the orientation distribution function (N (6)) which

is an expansion of even Legendre polynomials P;(cos(8)).%°

N(0) = zleven (l + %) (P;)Pcos (0) (i

where the (P;) coefficients are the averaged value of the /th Legendre polynomials over the
distribution and are usually called order parameters. These coefficients can be determined

experimentally and used to describe the order of orientation in the material system.®® The first
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coefficient (P,) is equal to 1 by definition. Since Raman spectroscopy is a two-photon process,
polarized Raman measurement can be used to calculate the second and fourth coefficients of the

series, (P,) and (P,):*°

(P2) = 3 (3(cos?6) 1) (12)

(Py) = %(35(60549) — 30(cos?6) + 3) (13)

The value of (P,) can express the level of orientation for systems with a simple orientation
distribution. (P,) takes a value equal to 1 for a perfect orientation along the fiber axis, 0 for an
isotropic distribution, and -0.5 for a prefect orientation perpendicular to the fiber axis.”” (P,) is
used to distinguish the possible orientation distribution functions associated with a given (P,)

coefficient. The relation between (P,) and (P,) is described as:®’

1 ) 1 (14)
(Padmin = 75 (35(P2)" —10(P2) = 7) < (Py) < 15 (5(P2) + 7) = (P4)max

In polarized Raman spectroscopy, the intensities are related to quadratic functions of the Raman

2 . .
tensor components ((ai j) ), where i and j represent for the incident and scattered signals,
respectively. In backscattering geometry, the components of the Raman tensor can be expressed as

a function of the (P,) and (P,) parameters:’®

((@gg)?) = b(1—15 (3 + 4a + 8a?) +24—1(3 +a— 4a?)(P,) (15)
8
+32(1- X(Py)
((@x)?) = b (1—15(3 + 4a + 8a?) — 22—1 (3 +a — 4a?)(P,) + :—5 (1- a)z(P4)> (16)
1 1 4
(@)% = (@) = ((@)?) = b(1 = ) (1o + 57 () — 5= (P2 )
12 (18)

1
(@x)?) = b(1 = )% (12 = 22 (P) + 5= (By)

where a and b are constant with the approximation that the Raman tensor is cylindrical and laser

intensity dependence, respectively.®® From polarized Raman microscopy measurements in
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backscattering geometry, there are 4 polarized spectra collected which are ZZ, ZX, XZ, and XX.

These spectra intensity can be related with the Raman tensor components as:

_ Izx _ A{(azx)*) + B{(azy)?) (19)
Y7 Iz Al(azz)?) + B{(azy)?)
Ixz A{(axz)?) + B{(axy)?) (20)

R2=

e Al(ax0?) + B{(axy)?)

where I, I;x, I;x, and I,y are the Raman intensities at the peak of interest. The 4 and B constants
are related to the out-of-plane contribution to the measured signal intensity caused by the objective
with a high numerical aperture.”®*° By taking these ratios, the b constant is canceled out; then there
are 3 unknowns which are a, (P,), and (P,). Hence, one more equation is needed to solve this
system of equations. The traditional method is to determine experimentally the parameter called
depolarization ratio to calculate the “a” constant.®® In this method, the four polarized Raman
spectra need to be collected on a perfectly isotropic sample which is nearly impossible to prepare
for PEO. Thus, results may lack accuracy if the sample is not perfectly isotropic. Richard-Lacroix
and Pellerin have developed the most probable distribution (MPD) method to resolve this issue
when using the traditional method.”>’"# The advantage of the MPD method is that there is no
requirement of measuring polarized Raman on the perfectly isotropic sample. Instead, the most
probable relation between the (P,) and (P,) parameters is introduced. For each value of (P,) value,

there is a single most probable (P,) value ({P),) for which the entropy of the orientation

distribution is maximized.®” These relations can be expressed as:

(Py)mp = —0.083(P;) + 1.366(P3)* — 1.899(P;)* + 1.616(P,)* (21)

(Pymp = 0.052(P,) + 1.574(P,)* + 3.968(P,)? + 8.058(P,)* (22)
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The eq. 21 is used for orientation of the vibration mode parallel to the reference axis (here, the
fiber axis) while eq. 22 is used when the orientation is perpendicular to the reference axis.
Therefore, the order parameter (P,) of the PEO nanofibers can be obtained by combining eq. 19-

21 using the MPD method.

3.5.8. Optical images of NFES PEO nanofibers deposited on an aluminum plate for

polarized FTIR characterization

Figure 3.11 Optical images of PEO_L 4wt nanofibers on an aluminum plate. The PEO nanofibers'

excellent parallelism can be observed, highlighting the advantages of NFES.
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3.5.9. Polarized FTIR spectra of PEO nanofibers
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Figure 3.12 Polarized FTIR spectra of (a) PEO_H 4wt nanofibers, (b) PEO M _ 4wt nanofibers,

(c) PEO_M 3wt nanofibers, and (d) PEO_M 5wt nanofibers.

3.5.10. Raman spectra of PEO_M 3wt and PEO_M_5wt nanofibers
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Figure 3.13 Raman spectra of PEO_M 3wt and PEO M 5wt nanofibers.
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Chapter 4 Thermal transport in boron nitride nanotube coated polydopamine

epoxy nanocomposite

4.1. Introduction

Materials with high thermal conductivity are crucial for various applications such as thermal
management in electronics packaging, thermal interface materials, and energy storage devices.
Polymers inherently exhibit low thermal conductivity, ranging from 0.1 to 0.5 W/m-K, which

limits their usage in high-performance applications where efficient heat dissipation is required.”

To overcome this limitation of low thermal conductivity of polymers, significant research efforts
have focused on incorporating thermally conductive fillers into polymer matrix. There are various
conductive fillers that have been proposed, including metallic nanoparticles, carbon-based
materials (e.g. carbon nanotubes, graphite, graphene, carbon fiber), boron nitride (BN), and boron
nitride nanotubes (BNNT), etc.* Carbon-based materials have been demonstrated as the excellent
fillers for enhancing thermal conductivity of polymers.®!”> However, these carbon-based materials
also have very high electrical conductivity, which limits their use in area where high thermal
conductivity is required but electrical insulation need to be maintained. Instead, different fillers
with high thermal conductivity but electrical insulation has been proposed, such as boron nitride
(BN), boron nitride nanosheet (BNNS), boron nitride nanotube (BNNT), silicon carbide (SiC),
aluminum nitride (AIN), and aluminum oxide (A1>03).”® These fillers are added to the polymer
matrix to create a heat conduction path for heat dissipation. However, the thermal resistance at the
interface between fillers and polymer matrix is considerably high as these materials are not
compatible with each other which hinders heat transfer. Thus, a significant amount of fillers are

needed in order to improve the thermal conductivity of the polymer nanocomposites. Also, adding
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too much of fillers may impact the mechanical strength of polymers.”* Therefore, there is a need
to develop a method to use small amounts of fillers but still serve effectively to enhance thermal

conductivity of the polymer nanocomposites.

Several studies have explored ways to mitigate this interfacial thermal resistance by improving the
interaction between fillers and the polymers matrix. A common approach involves functionalizing
the surface of fillers to enhance their dispersion within the polymer matrix and to create stronger
interaction at the interfaces. In general, functional groups are covalently or noncovalently attached
to the surface of fillers. There are several modifiers that have been used for thermally conductive
fillers, such as silane coupling agent, fluorine, Lewis acid and base, etc...? In addition to these
modifiers, dopamine (DA) is a biomolecule which can be easily oxidized under weak alkaline
condition to form an adhesive polydopamine (PDA) coating on the substrate materials.”> Plus,

PDA is very convenience to use and environmental friendly.”®

Previous research has shown that PDA can be used to improve the mechanical and thermal
properties of polymer nanocomposites. In mechanical field, Li et al. used dopamine to prepare
reduced graphene oxide; they then used the dopamine reduced graphene oxide (pRGO) to prepare
pRGO/epoxy nanocomposites.”” They found that the pPRGO were well-dispersed in the epoxy
matrix and the pPRGO/epoxy young modulus was significantly enhanced compared to GO/epoxy.
Another study from wang et al. have shown that polydopamine functionalized boron
nitride/polyethyleneimine (PDA@BN/PEI) nanocomposites fracture toughness increased 132 %
compared to BN/PEI nanocomposites.”® In thermal field, Fang et al. have demonstrated that BNNS
coated with PDA can disperse uniformly in the polyimide (PI) matrix.”” They found that uniform
distribution of PDA coated BNNS helps to enhance the thermal conductivity and mechanical

strength of the PDA@BNNS/PI nanocomposites. The thermal conductivity of PDA@BNNS/PI
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nanocomposites is about 33% increment compared to pure PI. Another study by Ding et al. where
they fabricated the nanocomposite from PDA@h-BN/PI via vacuum filtration and hot pressing.
They found that the hydrogen bonding was created at the interfaces of PDA@h-BN fillers and PI
matrix; thus, the thermal conductivity of PDA@h-BN/PI nanocomposite reached 3.01 W/m-K
with 20 vol% of PDA@h-BN fillers.!® These studies underlying the potential of using PDA to
enhance the thermal performance of polymer nanocomposites, particularly by addressing the

challenge of interfacial thermal resistance.

In this study, we functionalized BNNT using PDA in order to improve the dispersion of BNNT in
the epoxy matrix. First, the fabrication process of coating PDA on BNNT is discussed. The coated
PDA layers were confirmed with various characterization techniques, such as HR-TEM, FTIR,
XRD, and XPS characterization. Then difference content of PDA@BNNT with respect to epoxy
was used to fabricate PDA@BNNT/epoxy nanocomposites. The effect of coated PDA layers and
the content of PDA@BNNT in the nanocomposites to thermal conductivity of the nanocomposites

is then discussed.

4.2. Experiments

4.2.1. Materials

Boron nitride nanotube (purity > 80%) was purchased from NAIiEEL Technology. Dopamine was
purchased from Sigma Aldrich. Epoxy (Epon 828) was purchased from Hexion and curing agent

(EPIKURE 3234) was purchased from Westlake.
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4.2.2. Fabrication of polydopamine coated BNNT

The synthesis of PDA@BNNT involved the room temperature auto-oxidative polymerization of
dopamine (DA) forming a coating layer of polydopamine (PDA) on the surface of BNNT. Briefly,
1 g of BNNT was dispersed in 250 ml ethanol and sonicated for roughly 1 hour to make sure
BNNT is fully dispersed. The dopamine solution was prepared by dissolving dopamine
hydrochloride (1.0 g/1) in 10 mM Tris buffer solution and pH adjusted to 8.5.'°! The dispersed
BNNT solution was then added to dopamine solution and continuously stirred for ~24 hours to
facilitate the auto-oxidative polymerization reaction to be completed. During this process, DA
would self-polymerized and form PDA coating onto the BNNT. It is noted that the ratio of BNNT
to PDA was fixed at 1:1 for the best coating quality. The as-prepared PDA@BNNT was collected

using centrifugal technique at 10000 rpm for 8 minutes and dried overnight in the oven at 60 °C.

4.2.3. Fabrication of polymer nanocomposites

Before mixing PDA@BNNT with the epoxy part A, PDA@BNNT was dispersed in ethanol and
sonicated for 10 minutes. The PDA@BNNT/ethanol solution was then mixed with epoxy part A.
The solution was stirred on the hot plate to remove ethanol from the solution. After removing
ethanol, curing agent was added and mixed with the AR-100 conditioning mixer for around 2
minutes to minimize bubbles in the solution. The final solution was poured into a prepared mold
with vacuum-assisted to remove the bubbles from the final product. There were six samples that
were fabricated in this work which are pure epoxy (denoted as pure), 1 wt%, 5 wt%, 10 wt%, 15

wt%, and 20 wt% of PDA@BNNT with respect to total weight of polymer nanocomposites.
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4.2.4. Characterization

The morphologies of PDA@BNNT/epoxy nanocomposites were captured using a field emission
scanning electron microscope (FE-SEM, Hitachi S-4800) at 2 kV. The transmission electron
microscope (TEM) images of Epoxy/PDA@BNNT nanocomposites were obtained from Hitachi
HT7700 TEM at 100K kV and an AMT XR-41B 2k x 2k CCD camera. High resolution TEM (HR-
TEM) images of BNNT and PDA@BNNT were obtained from FEI Tecnai F20 at an accelerating
voltage of 200 kV. The chemical composition of BNNT and PDA@BNNT were captured with an
angle-resolved X-ray photoelectron spectroscopy (XPS) system with a monochromatic Al — Ka
source. X-ray Diffraction (XRD) spectra were obtained using Rigaku (Miniflex) equipped with a
CuKp tube and Ni filter (1 = 1.54178 A). FTIR spectra was obtained from Nicolet iS50 FT-IR-

ATR with the range of 500-4000 cm.
4.3. Results and Discussion
4.3.1. Synthesis of PDA@BNNT

Generally, BNNT has a relatively high surface area which potentially possesses weak interaction
between BNNT surface and other materials (e.g. epoxy matrix). Here, we intend to coat the BNNT
with PDA for enhancing interaction between BNNT and epoxy matrix. The presence of catechol
functionality enables dopamine to strongly adhere to numerous substrates by virtue of its strong
adhesive characteristics. Thus, DA swiftly gets physiosorbed on the surface of the BNNT forming
a uniform layer of PDA coating. To prove the existence of coated PDA layer on BNNT, we
performed various characterization such as HR-TEM, FTIR, XPS, and XRD analysis. Figure
4.1a&b present the HR-TEM image of BNNT and PDA@BNNT, respectively. The pure BNNT
has a smooth surface while the PDA@BNNT has rougher surface indicating that PDA was

68



successfully coated on BNNT surface. The crystallinity of BNNT and PDA@BNNT was
characterized by XRD spectroscopy. Typical peaks of BNNT can be found in both pure BNNT and
PDA@BNNT, including the main peak at 26 = 26.7° (002), and 20 = 41.6° (001).1°? It can be
seen that even though the PDA was added to the structure of BNNT, the crystallinity of
PDA@BNNT has not changed compared to pure BNNT (Figure 4.1c). This information means

that the PDA@BNNT preserves excellent properties of BNNT.

002 —— Pure BNNT
— PDA@BNNT

—
(2)
S

Intensity (a.u.)

001

10 20 30 40 50 60
20 (degree)

Figure 4.1 SEM images (a) BNNT and (b) PDA@BNNT. (c) XRD spectra of pure BNNT and

PDA@BNNT.

FTIR spectroscopy and XPS analysis further confirm the appearance of PDA (Figure 4.2). Figure
4.2a presents the FTIR spectra of pure BNNT and PDA@BNNT. Typical peaks of BNNT can be
found in both spectra, including B-N bending (817 cm™), and B-N stretching (1376 cm™).
Especially, boron oxide (3220 cm™) that appears in pure BNNT was removed from PDA@BNNT

spectra, thus enhancing the product impurities.!®® The band 3390 cm’

only appears in
PDA@BNNT spectra represents -NHz, and -OH bending confirming that the PDA is successfully
coated on the BNNT.!™ Figure 4.2b presents the XPS spectra of pure BNNT and PDA@BNNT. It
can be seen in the XPS spectra of PDA@BNNT that the oxygen content is greatly higher compared
pure BNNT (Figure 4.2b). This information again confirms the coated PDA layers on BNNT. Next,
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we used DI water to exam the dispersion ability of pure BNNT and PDA@BNNT. The
PDA@BNNT was much easier to disperse in DI water while the pure BNNT tended to aggregate
and cannot be dispersed in DI water (Figure 4.3c); Thus, the PDA@BNNT holds a great benefit

for the fabrication of nanocomposites.!??
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Figure 4.2 (a) FTIR spectra and (b) XPS spectra of pure BNNT and PDA@BNNT. Table in (a)
presents the atomic ratio of pure BNNT and PDA@BNNT. (c) Dispersion of pure BNNT and
PDA@BNNT in Di water. It can be seen that the PDA@BNNT dispersion in DI water is much

better than pure BNNT.

4.3.2. Microstructures of PDA@BNNT/epoxy nanocomposites

Next, we characterize the microstructures of the fabricated PDA@BNNT/epoxy nanocomposites.
Figure 4.3 presents the SEM images of PDA@BNNT/epoxy nanocomposites. Without the fillers,
the neat epoxy shows a clean and smooth surface which was induced by brittle break of epoxy
(Figure 4.3a). For the PDA@BNNT containing samples, the PDA@BNNT are well presented in
the nanocomposites (Figure 4.3b-f). At 1wt PDA@BNNT/epoxy sample, even though the
PDA@BNNT can be located, its appearance in the nanocomposites is insignificant (Figure 4.3b).

With increasing wt% of PDA@BNNT, the nanocomposites exhibit a denser distribution of
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PDA@BNNT fillers. It can also be seen that the PDA@BNNT fillers were randomly arranged in
the nanocomposites and no significant filler aggregation can be found in the nanocomposites
confirming the advantages of coated PDA layer in dispensing PDA@BNNT fillers in the epoxy
matrix. Unlike PDA@BNNT, the pure BNNT has a tendency of aggregation behavior in the epoxy
matrix due to strong van der Waals forces and inherent hydrophobicity.!% This behavior of pure
BNNT make them difficulty to disperse well in polymer matrix thus reduce the potential of forming
thermally conductive path in the nanocomposites. To further confirm the successful impregnation

of PDA@BNNT fillers to epoxy matrix, we performed TEM characterization.

Figure 4.3 SEM characterization of the nanocomposite. SEM images of (a) pure epoxy, (b) 1 wt%
PDA@BNNT/epoxy, (c) 5 wt% PDA@BNNT/epoxy, (d) 10 wt% PDA@BNNT/epoxy, (e) 15 wt%

PDA@BNNT/epoxy, and (f) 20 wt% PDA@BNNT/epoxy nanocomposites.

Figure 4.4 exhibits the TEM images of the PDA@BNNT/epoxy nanocomposites. It can be clearly

seen in all nanocomposites that the PDA@BNNT fillers were well-embedded to the epoxy matrix.
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This means that with the help of coated PDA layers, the BNNT was well-organized in the epoxy

matrix.

Figure 4.4 TEM characterization of the nanocomposite. TEM images of (a) pure epoxy, (b) 5 wt%
PDA@BNNT/epoxy, (c) 15 wt% PDA@BNNT/epoxy, and (d) 20 wt% PDA@BNNT/epoxy samples.

The scale bar in (a)-(d) is 600 nm.

Figure 4.5 presents the XRD spectra of the PDA@BNNT/epoxy nanocomposites. Broaden peak
at around 26 = 20° that can be seen in all XRD spectra is accounted for the amorphous structure
of epoxy.!% As the content of PDA@BNNT increases the peak intensity of (002), (100), and (004)

increases which is the correspondence of PDA@BNNT appearance in the nanocomposites.
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Figure 4.5 XRD spectra of PDA@BNNT/epoxy nanocomposite.
4.3.3. Thermal analysis PDA@BNNT/epoxy nanocomposites

Next, the thermal properties of the PDA@BNNT/epoxy are discussed. The TGA analysis was
performed to investigate the thermal stability of the nanocomposites. Figure 4.6 presents the TGA
curve of all PDA@BNNT/epoxy nanocomposites. Interestingly, the TGA spectra from 50 °C to
300 °C exhibits some differences among samples. Here, while the pure epoxy and 1 wt%
PDA@BNNT/epoxy samples remain intact, other samples show a small amount of weight loss (6-
8%). This weight loss behavior is attributed to the amines groups degradation of coated PDA
layers.!?” Starting from 300 °C to 450 °C, all samples experience significant weight loss which
represent for the thermal degradation of aromatic groups of the epoxy chain.!% As seen, the weight

loss 1s reduced with the increase the wt% of PDA@BNNT in the nanocomposites indicating
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thermal stability enhancement. More specifically, the residue of pure epoxy, 1 wt% PDA@BNNT,
5 wt% PDA@BNNT, 10 wt% PDA@BNNT, 15 wt% PDA@BNNT, 20 wt% PDA@BNNT at 800
°C are 5.3 %, 6.2%, 10.0%, 12.4 %, 9.0 %, and 14.4 %, respectively. The improvement in thermal
stability of the nanocomposites results from the appearance of PDA@BNNT that act as the heat-

resistant component and mass transfer barrier that hinder the thermal degradation process.'?

Pure Epoxy

—— 1wt PDA@BNNT/Epoxy
— 5wt PDA@BNNT/Epoxy
——— 10wt PDA@BNNT/Epoxy
15wt PDA@BNNT/Epoxy
20wt PDA@BNNT/Epoxy

100 200 300 400 500 600 700 800

Temperature (°C)

Figure 4.6 TGA spectra of the PDA@BNNT/epoxy nanocomposite.

Next, we investigate the thermal conductivity of PDA@BNNT/epoxy nanocomposites. The
thermal conductivity is calculated to be equal to: k = p X €, X a; where k is thermal conductivity,

p is density, C, is specific heat capacity, and « is thermal diffusivity of the samples. The thermal

conductivity enhancement was calculated as: 1 = %x 100, where 1 (%), k., and k., are
e

thermal conductivity enhancement, thermal conductivity of the nanocomposites at each wt % of

74



PDA@BNNT filler, and thermal conductivity of pure epoxy, respectively. The thermal
conductivity of all nanocomposite samples is shown in Figure 4.7a. The thermal conductivity of
pure epoxy is 0.32 W/m-K. It can be seen that adding 1wt% of PDA@BNNT into epoxy matrix is
not sufficient to enhance the heat transfer capability of the nanocomposites as the thermal
conductivity is more less similar to the pure epoxy. From the SEM images of 1wt
PDA@BNNT/epoxy (Figure 4.3b), we can see that the PDA@BNNT in the epoxy matrix are
greatly separated, creating the “sea-island structure” in the nanocomposites. Thus, the amount of
PDA@BNNT filler in 1wt% PDA@BNNT/epoxy sample is not enough to create effective
conduction paths in the epoxy matrix. Further increase of PDA@BNNT content in the
nanocomposites, the thermal conductivity increases (Figure 4.7a). Notably, with 20 wt% of
PDA@BNNT fillers, their thermal conductivity of the nanocomposites reaches 0.81 W/m-K,
showing a significant enhancement (~150 %) compared to pure epoxy (Figure 4.7b). The
advantage of using PDA as a coated layer for conductive fillers to enhance thermal conductivity
also presented in previous study.''® They modified the surface of hexagonal boron nitride (h-BN)
with PDA and mixed with polyurethane (PU) to facilitate polymer nanocomposites. With the same
amount of filler in the nanocomposite, they found that the PDA@h-BN/PU exhibited a greater
thermal conductivity enhancement compared to h-BN/epoxy, underlying the importance of the

coated PDA layer in connecting conductive filler and polymer matrix.
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Figure 4.7 (a) Thermal conductivity and (b) thermal conductivity enhancement of

PDA@BNNT/epoxy nanocomposite.

4.4. Conclusion

In summary, we have demonstrated the method for BNNT functionalization using PDA for
enhancing thermal conductivity of polymer nanocomposites. The successfully coated PDA layers
on BNNT were confirmed by various characterization methods, such as HR-TEM, FTIR
spectroscopy, and XPS spectroscopy. The coated PDA layers help BNNT to be well-dispersed in
solvent while maintaining excellent properties of pure BNNT. The polymer nanocomposites
fabricated from PDA@BNNT fillers and epoxy exhibited a significant enhancement in thermal
conductivity and thermal stability compared to pure epoxy. Especially, the thermal conductivity of
20 wt PDA@BNNT/epoxy nanocomposite is 0.81 W/m-K, showing ~150 % higher in magnitude
compared to the thermal conductivity of pure epoxy. The thermal conductivity improvement in
PDA@BNNT/epoxy nanocomposites is attributed to an excellent fillers dispensability in the
epoxy matrix and stronger bonding between PDA@BNNT and epoxy. Further, our study presents
an example approach to elucidating the effect of functionalization of conductive fillers for
enhancing thermal conductivity of epoxy-based nanocomposites.
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Chapter S Conclusion and future work

5.1. Conclusion

This dissertation first presents the development of an experimental platform based on suspended
micro-islands device for thermal conductivity investigations of low dimensional materials,
including nanowires, nanofibers, and thin films. We developed a new design of suspended micro-
islands device with T-shape supporting beam. The T-shaped beam exhibits significant
improvements in stiffness while maintaining thermal insulation for the micro-island which is
crucial for thermal conductivity characterization. We also employed a switch matrix to develop
experimental procedures for sequential heating of micro-islands. The new experimental platform
can be used to study heat transfer dependance on heat flow direction or improve the thermal
conductivity measurement accuracy even under asymmetric conditions. Our experimental
platform has proven to be an accurate method to study the thermal transport of various low

dimensional material systems.

Second, we present the use of experimental platform based on micro-islands device to study
thermal transport of polymer nanofiber. Here, PEO nanofiber was fabricated from NFES
technique. NFES technique helps to directly pattern the PEO nanofiber on the suspended micro-
islands device; thus, reducing the labor-intensive process of sample manipulation where the sample
is placed onto micro-islands by micromanipulator. We found that the PEO nanofiber exhibits
significant enhancement in thermal conductivity compared to that of bulk counterpart. The highest
thermal conductivity of PEO nanofiber is equal to 2.7 W/m-K for PEO_M_4wt, which is roughly
13 times higher in magnitude compared to that of bulk PEO (0.2 W/m-K). We also developed a

systematic characterization method for internal structures characterization based on conventional
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Raman spectroscopy, polarized Raman spectroscopy, and polarized FTIR spectroscopy. The
approach in our study can be used for thermal transport investigation in other nanofiber systems.
Further, this result could contribute to the application expansion of polymer nanofibers where high

thermal conductivity is required such as electronic packaging and thermal interface materials.

Finally, we present the framework of using thermally conductive fillers (BNNT) to enhance
thermal conductivity of the polymer-based nanocomposites. Here, we used PDA to coat the BNNT.
The purpose of using PDA to coat BNNT is that BNNT coated with PDA will help for the
dispersion of BNNT in many solvents while pure BNNT cannot have that ability. In addition,
covalent and noncovalent bonding between PDA and BNNT helps to reduce thermal contact
resistance between BNNT and epoxy matrix, thus leading to the enhancement of thermal

conductivity of the nanocomposites.

5.2. Future works

Although numerous studies have thoroughly investigated the thermal transport properties of
polymers and polymer nanocomposites, interest in fundamental understanding of these properties
continues to grow, driven by their unique applications in thermal management field.!'! In this
section, I will discuss some potential topics that can be investigated further based on the results of

my dissertation.

5.2.1. Thermal transport of polymer nanofiber under strain modulation

As discussed in this dissertation, polymers are promising materials for application where high
thermal conductivity is required due to their excellent properties such as light weight, chemical

corrosion resistance, and easy to manufacture. However, their thermal conductivity is considerably
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low at bulk scale. Thus, a deep understanding of thermal transport in polymers is crucial to alter
the thermal transport of polymers. Even though significant effort has been made in order to
understand the thermal transport characteristics of polymers, comprehensive understanding about
thermal transport of polymers remains elusive. Previous studies found that by engineering
molecular structures, thermal conductivity of polymers can be significantly enhanced.’
Specifically, by stretching action, the thermal conductivity of polymer is greatly improved in
stretched direction. Despite these efforts, the question of how the thermal conductivity of polymers

changes during the changes of molecular structures remains unknown.

5.2.2. Thermal transport of polymer nanocomposites with orientated thermally conductive

fillers

In polymer-based nanocomposites with random orientation of thermally conductive fillers, the
thermal conductivity enhancement mainly comes from the contribution of thermally conductive
fillers. The thermal conductivity of polymer nanocomposites slowly increases as the increase of
fillers until the amount of fillers reaches percolation threshold. However, adding too much fillers
is prone to dramatical reduction of mechanical properties of polymers. Thus, it would be ideal if
we can significantly enhance thermal conductivity of polymer nanocomposite with small amount
of fillers. Thus, another potential path for enhancing thermal conductivity of polymer-based
nanocomposites is that while enhancing thermal resistance at interface between fillers and polymer
matrix, the fillers can be pre-oriented to form conduction paths. In this case, thermal conductivity
of polymer-based nanocomposites can be greatly increased while preserving the outstanding

mechanical properties of polymers matrix.
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