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ABSTRACT

MECHANICAL AND THERMAL CHARACTERIZATIONS OF CRYSTALLINE
POLYMER MICRO/NANOFIBERS

by
Pengfei Li

Chair: Sheng Shen

For crystalline polymers, especially those in micro/nanoscale, the number of defects per
unit volume is significantly lower than that in the bulk. With extended and aligned
polymer chains, the resulting polymer fibers possess remarkably enhanced mechanical
and thermal properties and approach the inherent properties of the carbon backbones
which form the polymer chains. Together with other unique properties of polymers, such
as, low density, easy processability, good biocompatibility, and electrical insulation, the
crystalline fibers in micro/nano scale can be used in a broad range of applications, for

example, heat spreaders in electronics, high strength ropes, and personnel armors.

This dissertation studies various schemes of polymer crystallization, especially the stress
induced crystallization in fiber drawing process. In this work, a two-stage drawing
method is finally adopted to produce individual polyethylene (PE) nanofibers. To
demonstrate the PE nanofibers possess more enhanced mechanical properties than the
commercially available PE nanofibers, an atomic force microscopy (AFM) based force

deflection spectroscopy (FDS) technique is explored to characterize the Young's modulus



of the PE nanofibers. By attaching a PE nanofiber onto a specially designed micro trench,
and deflecting the nanofiber with an AFM cantilever, we are able to deduce the Young's
modulus from the geometry of the trench and the level of deflection on the nanofiber
based on Bernoulli's beam equations. The experimentally proved Young's modulus of
these nanofibers is 312GPa approaching the theoretical limit of the Young's modulus of

PE single crystal.

To study thermal properties of a polysilsesquioxane (PSQ) hybrid crystal, we apply a
micro device based thermal characterization method. The micro device consists of two
suspended SiNx membranes with built-on Pt coils; the two membranes serve as heater
and thermometer during the measurements. The PSQ micro beam is placed between the
two membranes. Due to the Joule heating on the heating membrane, heat transfers
through the sample to the sensing membrane. By analyzing the steady state heat transfer
model, we are able to calculate the thermal conductivity of the PSQ beam. The
experimentally measured thermal conductivities greatly help us to understand the heat
transfer mechanism in the PSQ hybrid crystal which is formed by hydrogen bonding in

the longitudinal direction.

With the same characterization method as used in PSQ thermal characterization, we also
measure the thermal conductivity of PE nanofibers. We discover the thermal contact
resistance between the nanofiber and the islands is comparable or even bigger than the
intrinsic thermal resistance of the PE nanofibers with an assumed thermal conductivity of
20W/mK at room temperature. Cyanoacrylate based super glue and focus ion beam (FIB)
assisted Pt deposition are attempted to reduce the thermal contact resistance, however, as
demonstrated by the experiments, super glue is likely to lift the nanofiber above the

\Y



islands which dramatically increases the thermal resistance. While the FIB assisted Pt
deposition introduces great crystal damage on the PE fibers, which results in very low

measured thermal conductivities (<1W/mK).
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micro-fabricated silicon trench, the scale bar is 10um. (b) An AFM image of the
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Figure 2-5 FD curves of PE nanofiber and rigid silicon substrate. F is the concentrated
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Figure 2-9 (a) The resistance changes of the heating island Ry; and the sensing island Rs;

Figure

Figure

Figure

Figure

with time during the cooling down process. (b) The global temperature change of
heat sink Tps with time. (c) The resistance changes of the heating island Ry; and
the sensing island Rg with global temperature Ths. ....oooveveeieieeiinie e 60
2-10 Temperature change (dashed line) measured by the thermal diode and the
resistance change (black line) of the heating coil while the global temperature
switches from 260K to 270K. The arrows indicate the point where heat transfer
reaches t0 & StEAAY SLALE. ........ccviieieiee e 61
3-1 (a) AFM image of a PE nanofiber fabricated through two-stage heating
process. (b) An AFM height curve corresponding to (a). The labeled height d is a
representation of the diameter of the PE nanofiber. The rough surface is a result of
reactive ion etching (RIE) of the silicon substrate during the trench fabrication.
The SCalE DA IS LML .oviiiiiiiieiee e 66
3-2 (a) Semi-crystalline PE gel with crystalline and amorphous regions. (b) PE
molecular chains dissolved in Decalin solvent. The PE chains are randomly
entangled in the solution. (c) Crystalline PE nanofiber with aligned chains. ....... 68
3-3 (a) A PE nanofiber with a diameter of 80.9nm lying on a bare silicon
substrate. (b) TEM SAED pattern of the PE nanofiber in (a) which represents an
orthorhombic crystal structure of the nanofiber. (c) A thick PE microfiber with a
diameter of 1.05um. (d) A SAED pattern of the microfiber in (c) shows
continuous rings. These rings indicate a polycrystalline crystal structure of the
thick PE microfiber. And the polycrystalline crystal structure is due to the random

orientation of the lamellae in the thick PE microfiber.......ccccccooocciciiciccci, 70
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Figure 3-4 (a) AFM image of a typical PE nanofiber suspended over a silicon trench. (b)
3D model of the experimental setup for the FDS technique. (c) FD curves
(approach and retraction) obtained on a silicon substrate and the middle point of a
PE fIDEr OVEr @ trenCh. ........ooiiiiice e 74

Figure 3-5 (a) A typical PMMA fiber suspended over a silicon trench. (b) FD curves
obtained on a silicon substrate and the middle point of a PMMA fiber over a
L] 10 PSPPSRSO 77

Figure 3-6 (a) Orthorhombic crystal structure of PE. FEA simulations on a PE fiber
102nm in diameter, assuming the fiber is (b) anisotropic and (c) isotropic. The
color bar represents the deflection of the fiber in meters...........cccoovvcveiviiiiienns 80

Figure 3-7 Young's moduli measured for PE nanofibers ranging from 70nm to 260nm in
diameter. The average measured Young's modulus indicated by the dash line is
312GPALOBGPA. ... ccueieiieiiieiee ettt 82

Figure 4-1 2D projection graphs of repeating units of (a) octylene-bridged and (b)
hexylene-bridged PSQ fibers. Dark field optical images of PSQ products,
Octylene-bridged PSQ microbeam (c) crystalline; (e) Amorphous. Hexylene -
bridged PSQ microbeam (d) crystalline; (f) AMorphous...........cccceecvieiiveirenenne. 90

Figure 4-2 (a) Fourier transform infrared spectroscopy (FTIR) spectra of crystalline and
amorphous bridged PSQ. (b) Powder X-ray diffraction pattern of octylene-bridged
PSQ FIDEIS. et et 92

Figure 4-3 Optical image of a PSQ crystal fiber placed on a suspended micro device with

built-in platinum resistance thermometers. The scale bar is 2mm........................ 95
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Figure 4-4 (a) A SEM image PSQ cluster after a sol-gel process. Water produced during
the condensation pulls the PSQ crystal beams together due to a strong surface
tension. (b) PSQ crystal beams separated by sliding a glass substrate on top of the
PSQ CIUSTET ...t sttt sre e ne e 98

Figure 4-5 (a) The total thermal resistance measured versus Ls/Ac in 5 samples at 50K
and 300K. (b) Thermal conductivity of both type PSQ fibers at temperatures from
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Figure 4-6 A Representative NEMD Setup for Thermal Conductivity Calculation....... 105

Figure 4-7 (a) Thermal conductivity of PSQ-C6 as a function of the beam Length. (b)
Thermal conductivity of PSQ-C6 from 200K to 400K. (c) Measured thermal

conductivities of PSQ-C6 and PSQ-C8 in the temperature range from 250K to

Figure 5-1 A PE fiber placed on the micro device with suspended islands and legs. The
fiber is clamped at both ends with cyanoacrylate based super glue. The scale bar
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Figure 5-2 Thermal resistance network for steady state heat transfer on the micro device
with a PE fiber incorporated. R, is the thermal contact resistance between the
nanofiber and the heating island, R is the thermal contact resistance between the
nanofiber and the sensing island, and R is the thermal resistance of the measured
NANOTIDEL. .o et 113
Figure 5-3 Total thermal contact resistance plot against contact length I. (a) and the line

contact width 2b (b) based on equation 5.1 and 5.2.........cccccceveviiiiieviie i 116
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CHAPTER 1. Mechanical and thermal transport of crystalline

polymeric materials in micro/nano scale

1.1 Introduction to polymer crystallization

Polymers play an essential and ubiquitous role in everyday life from vulcanized rubber
for tires, Teflon for non-stick pan coatings, Nylon for clothes, to polyethylene (PE) for
packaging bags and many more, due to their broad range of properties. Compared to
other commonly used materials such as metals and ceramics, polymers have a wealth of
unique properties: light, inexpensive and easy for processing. However, as shown in
figure 1-1, the Ashby chart tells us bulk polymers exhibit very low Young's moduli below
10GPa [1] and trivial thermal conductivities on the order of 0.1W/mK [2], mainly
because these bulk polymeric materials are usually amorphous and filled with voids and
impurities. As a result, bulk polymers are normally used in applications without high

mechanical strength requirement, and regarded as thermally insulating materials.
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Figure 1-1 Thermal conductivity versus Young's modulus for a wide range of materials.
The figure is plotted with CES selector from Granta Design Ltd. One goal of this research
is to explore a fabrication method to enhance the thermal conductivity and Young's
modulus, ultimately to make polymers acquire properties that are comparable to those of

metals and alloys as indicated by the arrow.

Nevertheless these weak properties are not the inherent characteristics of polymers,
especially, when we consider the polymers are comprised of long molecular chain with
carbon-carbon covalent bonds as intramolecular force. Some materials made of the
carbon-carbon chain molecules are reported with exceptional mechanical and thermal
properties. For example, the exfoliated pristine graphene, one layer of carbon atoms sp?-
bonded in a hexagonal pattern, has an estimated Young's modulus of 2.440.4TPa [3] and

a room temperature value of thermal conductivity about 4840~5300W/mK [4]. Similarly,



carbon nanotubes which are rolls of graphene sheets, possess a Young's modulus as high

as 1.8TPa [5] and a thermal conductivity over 3000W/mK [6] at room temperature.

In order to harness the high strength and high thermal conductance of the carbon-carbon
covalent bond in polymeric materials, especially for those isotactic and syndiotactic
polymers which usually crystallize, the long carbon-carbon chains have to be extended
and aligned to form crystals. As a result of crystallization, the amount of amorphous
regions and defects is greatly reduced, therefore, less stress concentration and less
phonon scattering sites lead to a great enhancement on the mechanical strength and
thermal conductivity. However, in the bulk, the long carbon-carbon chains are never fully
extended but entangled, and only part of the chains are involved in crystalline form which
is usually termed as lamella structure, for which even the simplest isotactic polymer, PE

is semi-crystalline in bulk.

1.1.1 Polymer crystallization from a melt and a dilute solution

(@) (b) ()

PE chain coils Lamellae Spherulites



Figure 1-2 PE crystallization from a melt. First the PE powders are melted to above
140°C, the PE coils (a) are randomly dispersed in space. When the melt is subject to a
super cooling, PE chains partially fold into lamellar structures (b). If the crystallization

continues, lamellar structures further grow into spherulites (c).

Despite polymers in bulk form can never be fully crystalline, through some controlled
crystallization processes, the crystallinity of polymers can be greatly enhanced. For
example, PE crystallization from a melt [2] under a super cooling temperature 10~20°C
below the melting point, PE chains tend to fold into lamella structure, these lamellar
crystalline plates further grow into spherulites as shown in figure 1-2. Another method to
obtain polymer crystals is to crystallize polymers in dilute solution. Single crystals of PE
were formed in tetrachloroethylene. And the lamellar platelets are about several tens of
um in width and 10~20 nm in thickness [7]. The dimensions of these single crystals are
usually larger than the lamellar structures obtained from polymer melts. In the very dilute
solutions, the long polymer chains have less chance to touch and entangle with others,
therefore, well separated polymer chain coils dispersed in the solution favorably form
single crystals with sizes larger than the lamellae from polymer melts. As the
concentration of the solution increases, the interactions between polymer chains become
stronger and close to those in polymer melts, thus multilayered dendritic structures are

frequently observed.

1.1.2 Stress-induced polymer crystallization

Although the highly crystalline structures, such as lamellae, spherulites, and single

crystals, are easily demonstrated in previous experiments [8]-[12], these structures are



mostly used in research to study their growth kinetics under various conditions, crystal
nucleation theory, or a specific crystal structure of a polymer. These small size crystalline
structures cannot be easily adopted for practical applications. To solve this dilemma,
researchers have extensively studied another type of polymer crystallization, the stress-
induced crystallization, in which, the polymer chains are aligned and oriented under
extremely large deformations when external force is applied. The external force during
the crystallization process enables a relative movement of the polymer chains, and
therefore a great shear stress between molecules helps to align and orientate the long

chains in the force direction.

As a typical example of the stress-induced crystallization, polymer films [13]-[15] and
fibers [16]-[18] manufactured by an ultra-drawing method have both experimentally and
theoretically been proved high Young's modulus and high thermal conductivity, due to
the greatly increased crystallinity within these films and fibers. In the ultra-drawing
method, a polymer crystal mat prepared by surface growing technique or crystallization
in a dilute solution, is heated at a temperature above its melting temperature. This allows
the polymer chains to be unfolded and extended from the original lamellar structures. A
polymer gel is also commonly used in the ultra-drawing method. In the gel, the solvent
swells the polymer chains and greatly reduces the entanglement density. By drawing the
gel, the polymers chains are oriented and extended in the drawing direction. However, the
gel solution cannot be too dilute. A very low concentration causes few entanglements,
and the interactions between polymers chains are too weak to fully extend the polymer
chains. For the ultra-drawing method, the polymers used are required to have high

molecular weight which ensures a long polymer chains, because short polymer chains



have less distance for friction effect, and the short chains can easily slide away from each

other, which greatly reduces the drawability/drawing ratio [13].

The highly crystalline polymers with enhanced mechanical and thermal properties have
been found in a wide range of applications. For example, Honeywell Spectra fibers are
used to make protective armors due to their extremely high Young's modulus and low
density. Composites are also made with these fibers as Spectra Shield® ballistic materials.
Tensile structures, such as ropes and cables with various dimensions, are also made with
high strength polymer fibers. Applications of these polymers are also found in medical
field for implantable devices, due to their compatibility to human body, high
strength/softness and great wear resistance [19]. Another important potential of the
polymers with high thermal conductivity is the heat transfer application, including heat
sinks, heat exchanges. The ever-soaring energy density of the electronic chips produces
large amount of heat during operation, for example, 64-bit dual-core Intel Xeon® 7041
Processor has a power dissipation of 165W [20]. For electronic heat dissipation, a highly
thermally conductive and electrically insulating thermal interface material is long desired.
Crystalline polymer fibers with enhanced thermal properties will be a great candidate to

replace the current epoxy materials with high thermal resistance.

With the knowledge of stress-induced polymer crystallization and the great potential on
various applications, intensive research had been done to increase the crystallinity and
characterize the crystalline polymers, especially polymer fibers. However, the polymer
fibers reported by previous research are either in micrometer scale or with a large amount
of defective regions. One goal of this research is to produce polymer fibers in nanoscale
and to study their mechanical and thermal properties.
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1.1.3 Organic-inorganic crystallization by self assembly

The previous two sections mentioned three mechanisms of crystallization, and the
produced polymer crystals possess extraordinary enhancements on their physical
properties. Yet there is another crystallization mechanism, the self assembly of organic
fragments during a sol-gel process, which is less expensive and does not involve
intensive fabrication processes, compared with the previous crystallization methods.
Within this self-assembly method, two hydrolyzed monomers undergo one-step
condensation forming bimolecular rings. The hydrogen bonds and van der Waals force
align and connect the rings to create a three dimensional molecular crystalline structures.
The self-assembled hybrid crystals have extremely high crystallinity [21]. Even though a
lot of efforts have been devoted to the study of the crystallization mechanism and the
characterization of the crystal structure, little is known about the thermal transport within
this hydrogen bond linked crystals, and therefore we aim to implement novel thermal
characterization methods to study the effect of hydrogen bonds on the thermal properties

of crystalline materials. This is another goal of the research.

1.2 Mechanical and thermal properties of highly crystalline PE fibers

PE (CanHan+2), is polymerized from ethylene monomers, as shown in figure 1-3, with
proper catalysts, the double bond of ethylene monomers (figure 1-3(a)) breaks and forms
one repeating unit which is illustrated in figure 1-3(b). The repeating unit forms strong o-
bonds with its neighboring units, which finally leads to a long molecular chain in figure
1-3(c), the macromolecule of PE. The PE molecule consists of covalently linked carbon
backbones with two pendant hydrogen atoms attached to each carbon atom. If a polymer

chain doesn't contain branching or cross linking, we call the polymer as a linear polymer.
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PE is a typical linear polymer, especially the high density PE, has a very low
concentration of defects and a low level of branching, and thus a very high degree of

crystallinity can be achieved.

(a) (b) (c)
H\ /H H H HH H[H HH HHH
e ol o S A e
H H H H HHH|H HH HHH
Ethylene Polyethylene (PE)

Figure 1-3 Polymerization of PE. (a) Ethylene monomer. (b) A repeating unit formed by
breaking the double bond of ethylene molecule. (c) A PE chain comprised of covalently

connected carbon atoms with two hydrogen atoms attached.

Due to its extraordinary variability on the semicrystalline morphology, the molecular
weight, molecular weight distribution, comonomer type, and comonomer content, PE has
been regarded as one of the most common plastics. For example, low density PE (Density,
0.91-0.94 g/cm®) has a low degree of crystallinity corresponding to a low melting point,
and the resulting product is flexible with reasonable tensile strength. These characteristics
have made low density PE useful in applications such as low load packaging and
waterproofing. High density PE has a much higher degree of crystallinity (55-77%),
which enables the products of high density PE to be very stiff and impermeable. In
contrast to the low density PE, the high density PE has been widely used in high load
applications such as varieties of water containers, chemical storage tanks, and gas pipes.

Because the high linearity of the long PE molecules, upon controlled processes, such as



extrusion, ultra drawing and spinning, the molecular chains can be perfectly oriented and
aligned in a parallel fashion, the resulting PE fibers can have mechanical and thermal
properties approaching the theoretical limits. These strong fibers are woven to ropes and

sheets which have already been applied in sports, military, aviation industries.

1.2.1 Mechanical properties in PE fibers with ultrahigh molecular weight

Because PE fibers contain greatly extended molecular chains with high degree of
crystallinity, the mechanical properties of these fibers are enormously enhanced
compared with other products derived from PE. Intensive research has been done to study
the mechanical properties of PE fibers in micro/nano scale produced in various methods,
these fabrication methods will be discussed with details in Section 2.1. Mechanical
properties include both tensile properties and compressive properties. For PE fibers, the
properties under tension at the axial direction are most interesting due to its practical
applications such as wires, ropes, and bullet-proof vests. Therefore, in this section, the
tensile properties is mainly discussed, especially the Young's modulus, which is also
sometimes regarded as, initial modulus, tensile modulus, elastic modulus or elastic
constant. For a PE fiber subjects to an elongation force along the axial direction, Young's
modulus is defined as the ratio of the elongational stress to the resulting strain where

Hooke's law holds.
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Figure 1-4 Relation between the Young's modulus and the draw ratio for ultra molecular
weight PE under two initial crystallization conditions, the triangles represent the original
PE was quenched immediately into water after melting. The dots represent a slow cooling
and quenching pretreatment for the molten PE. The figure is modified from reference

[23].

As reported by previous research, for ultra high molecular weight PE fiber, it's Young's
modulus is strongly affected by the draw ratio, a reduction ratio of the cross-sectional
areas before and after the fiber drawing [22]. Figure 1-4 shows an approximately linear
proportionality between the Young's modulus and the draw ratio [23]. As the draw ratio
increase, the melting temperature of the PE fiber increases, which reveals an increased
crystallinity in the fiber [22]. When the draw ratio reaches 30, the Young's modulus of

the PE fiber is more than 50 GPa. More interestingly, the draw ratio effect is not
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influenced by the initial crystallization situations, as shown in figure 1-4, the PE melt that
undergoes a slow cooling produces little deceivable crystal structures like spherulites,
while a large amount of spherulites can be found in the water quenched PE melt due to
the solution's higher viscosity at low temperature. The effect of draw ratio on the Young's
modulus gives us a clear direction for making PE fibers with a Young's modulus

approaching the theoretical limit.
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Figure 1-5 A schematic of microfibrils which contain crystalline blocks with length Ly
and disordered regions with length Ly, the disordered regions are collections of tout tie
molecules, chains ends and amorphous regions. The figure is modified from reference

[25].

For a gel-spun hot-drawn ultrahigh molecular weight PE fiber, experiments have proved

that the fibers contain macrofibrils about 500nm in diameter, and these macrofibrils
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consist of microfibrils with smaller diameter around 20nm [24]. A schematic of the
microfibrils can be represented by figure 1-5. The microfibrils are comprised of arrays of
crystalline regions connected by the disordered sections. The disordered section as shown
in figure 1-5 is a group of entangled chains or amorphous regions, chain ends, tout tie
molecules (TTMs), and other defects. The TTMs are molecular chains connecting the
crystalline regions and are believed to be the major load carriers for the stress transport in
the disordered regions, because the amorphous regions carry negligible load. The fraction
pof the TTM in the disordered regions and the ratio Lq/L. of the length of the disordered
region to that of the crystalline region together determine the Young's modulus of the PE
fibers. The relation can be described by equation 1.1 below:

1+L,/L
C

E=E, :
1+L,/(BL,)

(1.1)

where E is the true Young's modulus of a fiber, E. is the theoretical Young's modulus of
PE single crystal which is estimated about 350 GPa. As the crystallinity x of a PE fiber

can be expressed by equation 1.2:

X = 1t B i, (1.2)
L, +L, L, +L,
and rearrange equation 1.2, we have:
L,/L,=Q-x)/(x=-p), (1.3)

and insert equation 1.3 to equation 1.1, we obtain:

E=E d , (1.4)



where both E and x can be directly measured in experiments. From equation 1.4, the

TTM ratio S can then be calculated.

The equation 1.1 is plotted in figure 1-6. It can be clearly observed from the figure 1-6
that both the ratio Ly/L. and the TTM fraction g greatly affect the measurable Young's
modulus. To achieve a higher Young's modulus, fiber fabrication methods can be focused
on enlarging either the length of the crystalline regions or the TTM fraction in the
disordered regions, or both. However, the failure strength o is related to the theoretical

tensile strength o, which is reported to be about 33 GPa [25] by:

c,=pB%0, (15)

400 T T T T T T T T

Young's modulus (GPa)

. . r . r .
0.0 0.2 0.4 0.6 0.8 1.0
TTM fraction g
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Figure 1-6 Plot Young's modulus of a PE fiber versus TTM fraction § in the disordered

region, the figure is modified from reference [24].

And therefore the TTM fraction gis of more importance than the ratio Lg/Lc. This also
gives us another direction for the fabrication of PE fibers, which is to align the molecular

chains in the disordered regions.

1.2.2 Thermal transport in ultrahigh density PE fibers

The thermal conductivity of a single PE chain is predicated about 350 W/mK from
molecular dynamics simulations considering the internal degrees of freedom of CH, [26].
Under at some conditions [26], the thermal conductivity of the single chain can be even
divergent as the chain length goes higher. This is due to the inherently strong covalent C-
C bonds within the molecular chain. Therefore we expect that a polymer fiber which
consists of these aligned polymer chains possesses a much higher thermal conductivity
compared with the PE semicrystalline bulk where amorphous regions and crystallites

mixed together.

For an isotropic dielectric material, phonons are major energy carriers in heat transfer,

and therefore the thermal conductivity k of has a general form of:
k:%IOC(a))(Vg(a))) r(w)do, (1.6)

where C is the heat capacity, V, is the group velocity, and 7 is the relaxation time of
phonons. They are all dependent on the angular frequencies @ of phonon modes. For PE

fibers, in the radial direction, PE chains are bonded via van der Waals force which is
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much weaker that the C-C covalent bonds in the longitudinal direction. As a result, as
demonstrated by previous results [27], the shear modulus is much smaller than the tensile
modulus. Therefore, we expect the thermal conductivity of the highly anisotropic fiber is

dominated by the longitudinal modes, for which, we rewrite equation 1.6 as:
=] C(0)(Vy(0) 7(@)do, (1.7)

where Vg is the group velocity in the longitudinal direction. Note that there is no
orientation average factor 1/3 in equation 1.7 due to the anisotropic property of PE fiber.

In equation 1.7, the group velocity can be estimated as [28]:
Vv, =(E.1p)", (1.8)

where E. is the Young's modulus in the fiber direction, p is the density of PE single
crystal ranging from 0.99 to 0.94 g/cm® [12]. Both the Young's modulus and density are
temperature independent [28]. Consequently, the longitudinal acoustic velocity doesn't
change with temperature. It is also worth to note that Vg is neither dependent on
frequency as both the Young's modulus and density are intrinsic material properties, thus

the acoustic velocity term can be moved out of the integral in equation 1.7.

Because Vg doesn't change with temperature, the temperature dependence of the thermal
conductivity can be then explained by the temperature dependence of the heat capacity C
and the phonon relaxation time t. Based on Debye model, heat capacity can be described

as:
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A LI (1.9)

where kg is the Boltzmann constant, N/V is the number of atoms per unit volume, & is
the Debye temperature, and x = "o /k,T . Equation 1.9 tells us the heat capacity

increases with temperature, especially at low temperatures, C is proportional to T°.
Within the lower temperature range, the increase of the heat capacity dominates heat
transport. As a result, the thermal conductivity of PE increases with the temperature. On
the other hand, when the temperature keeps increasing beyond a threshold, according to
the Bose-Einstein distribution, more and more phonon modes are populated. The highly
populated phonons have higher chance of collisions compared with that at low
temperatures, which greatly reduces the relaxation time the phonons, and this reduction
effect starts to dominate the thermal transport in PE fibers. Therefore, a decreasing trend
of thermal conductivity is expected to appear at a high temperature range. This has been
experimentally proved by a recent study on the thermal conductivity of high-modulus

polymer fibers [27].

At a high temperature range, particularly above 350K but below the melting point around
400K, the thermal conductivity is expected to sharply decrease[29]. Although at this
temperature range, the crystal structure is not disrupted completely to an amorphous
phase beyond the melting point, the inter chain lattice experiences enough change which
allows the molecular chains undergo segment rotation which induces phonon scattering.

As a result of this morphology-induced phonon scattering combined with the anharmonic

16



phonon-phonon scattering in the high temperature range, significant reduction of the

thermal conductivity is therefore expected.

The thermal conductivity of a PE chain can be as high as 350W/mK theoretically at room
temperature, which is comparable to those of some metals, for example, copper has a
thermal conductivity of 398 W/mK [30]. However, the experimental values of the PE
fibers are still far from this theoretical estimation, and the experimentally demonstrated
thermal conductivities of PE fibers are generally below 100 W/mK [31]-[33]. The
discrepancy between thermal conductivities of the single PE chain and the highly
crystalline PE fiber is mainly caused by two reasons. First, the densely packed PE chains
limits the transverse lattice vibrations as compared with an individual chain in the space,
therefore, a resultant transverse phonon scattering greatly suppresses the thermal
conductivity in the fiber direction [34]. Second, in practice, it is rather challenging to
produce a PE fiber with perfectly oriented and aligned molecular chains, and entangled
chains and amorphous regions always exist. These aforementioned defective regions are
scattering sites for phonons, which therefore lead to a reduction of the thermal

conductivity.

For non-ideal crystalline PE fibers which contain both crystalline and amorphous regions,
their thermal conductivities can as well be analyzed by a thermal model similar to the
TTM mechanical model used to explain the Young's modulus of the PE fibers. The model
is depicted as in figure 1-7. In the fiber direction, a PE fiber can be considered as a series
of sections shown in figure 1-7(a) [28], [35], [36]. The section consists of two parts in
figure 1-7(b), part | contains both crystalline and amorphous regions with lengths as y
and 1-y respectively, and part Il is fully made of crystalline PE chains. In the radial

17



direction, the widths of part | and part Il are 1-x and x. As illustrated in figure 1-7(b), a
thermal circuit can be used to analyze the thermal transport in the fiber section. The total

thermal conductivity k of the fiber section can be written as:

k=xk, +(1-x)k, =(k, =k, )x+k (1.10)

where k; and kj, are the thermal conductivities of part | and part 11, respectively.

(a)
¢ 2\ > g—1-y—p
1
T Fiber
I direction
(b)

Crystalline Amorphous
region region
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Figure 1-7 Modified from reference [32]. (a) A thermal model of a PE fiber section
containing both crystalline and amorphous regions. Where, y is the length percentage of
the crystalline region in part I, 1-y is the length percentage of the amorphous region in
part 11, and x, 1-x are the width percentages of part | and part 1l respectively in the fiber

section. (b) A thermal circuit representation of the thermal model in (a).

For a highly crystalline fiber, the molecular chains or lamellar structures are oriented with
little angle deviation in the fiber direction [32]. Therefore, k; is approximately equal to k.,
the thermal conductivity of a PE crystal in the chain direction. k;; is a function of both k.
and k, which is the thermal conductivity of the amorphous region. Then k; and k;; have

the following forms:
k, =k, (1.11)

ek (1.12)

- kay+kc(1—y)1

Compare equation 1.11 with equation 1.12, we are able to obtain [34]:
( )
— =1+ =-1|(1-y). (1.13)

As confirmed by previous research, k. >> k,, therefore, k; >> k. Rewrite equation 1.10,

we have:

k=kx+k, =kx+k, . (1.14)
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From equation 1.14, we notice that the thermal conductivity k of the PE fiber is
dominated by the volume fraction x of part I. In TTM model, Young's modulus is
strongly affected by the volume fraction  of the taut-tie molecules in the disordered
region. Here, in the thermal model, x can also be regarded as the volume fraction of the
crystalline region in the disordered region. Clearly, the thermal conductivity of the PE

fiber has a direct correlation to the Young's modulus of the fiber [35]:

k/k, =E/E_=x. (1.15)

1.3 Thermal transport in hydrogen bonded hybrid crystals

Hydrogen bonds play an important role in a large amount of materials including solids,
liquids, and gases. Water, one of the most common substances on earth is a typical
example of a hydrogen bonded fluid/solid. Its special properties, such as boiling point,
surface tension, crystal form etc., are all closely related to hydrogen bonds. Many large
biomolecules, such as DNA and proteins, also contain hydrogen bonds which are very
critical for the formation of their special molecular structures. The existence of hydrogen
bonds is also responsible for crystallization of some hybrid organic and inorganic crystals,
for example, polysilsesquioxane (PSQ) [21]. A hydrogen bond is formed between two
strongly electronegative atoms, for example, nitrogen, oxygen, and fluorine. It has a form

of X-H---Y, where, X and Y are highly electronegative atoms, and H is the hydrogen

atom. Because hydrogen atom has one electron, it can only form one covalent bond with
its neighboring atom. Due to the strong attraction of the X protons, the X-H molecule
possesses a high electric dipole moment. As a result, the H proton has a strong interaction

with adjacent Y atom which is also highly electronegative.
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In the rank of strength of various atomic interactions, hydrogen bonds are between strong
chemical bonds (ionic bonds and covalent bonds) and van der Waals' interaction. The
covalent bonds have a strongest bond strength on the order of 100 kcal/mol, and the van
der Waals force has a weakest bond strength about 1 kcal/mol [37]. Whereas, the strength
of hydrogen bonds normally ranges from 2.4 kcal/mol to 24 kcal/mol, with some super
strong hydrogen bonds even higher than 24 kcal/mol [38]. Numerous research works [39],
[40] have shown the covalently bonded materials such as diamond, graphene, and carbon
nanotubes, have a very high thermal conductivity, whereas materials bonded through the
van der Waals force are usually treated as thermal insulators, for example, most of the

amorphous polymers have thermal conductivity on the order of 0.1W/mk [31].

Therefore, the thermal conductivity of materials is dramatically affected by the type of
the bonds which form the materials. Considering the strength of the different bonds, we
expect the thermal conductivity of materials formed by hydrogen bonds should be higher
than that of materials formed by van der Waals force but lower than that of covalently

bonded materials.

It has been proved that the S-strand hydrogen bonding enables the thermal conductivity
of the B sheet crystals of spider silk protein to be 1 to 2 orders of magnitude higher than
other proteins [41]. Molecular dynamic simulations have shown the enhancement of the
thermal conductivity in the strand direction is caused by the intermolecular hydrogen
bonds between the stands. The hydrogen bonds significantly increases the stiffness of the
protein crystal by suppressing the relative motion of the neighboring strands, and
therefore, blue-shift and broaden the phonon modes in the low frequency regime, which

consequently increases the overall thermal conductivity of the B-sheet crystal.

21



Thermal energy transport can be enhanced at silica-water interferences due to the
hydrogen bonds [42]. Particularly when the silica surface is hydrophilic (hydroxyl
terminated), the hydrogen bonds form between water and the hydroxyl group on the silica
surface, and produce a strong coupling, which leads to enhanced thermal transport across
the interface. As reported in literature [43], by introducing hydrogen bonds, thermal
conductivity of amorphous polymer blends can also be increased from a range of 0.1-
0.5W/mK to over 1.5W/mk in ambient conditions. In the two polymer blends (Poly(N-
acryloyl piperidine) (PAP) and poly(acrylic acid) (PAA)), hydrogen bonds, which are
much stronger than the van der Waals force, link the polymer backbones through low
mass and short chemical groups. A continuous thermal network can be achieved when the
hydrogen bonds are distributed in the polymer blends homogeneously with a
concentration larger than the percolation threshold, and consequently lead to a higher

thermal conductivity of polymers even in an amorphous state.
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Figure 1-8 (a) A 3D graph of a PSQ bimolecular ring which is composed of 16 carbon

atoms, 4 silicon atoms, and 2 oxygen atoms. (b) A 2D projection of a PSQ crystal
structure formed by the van der Waals force which binds the sides of the rings and
hydrogen bonds which connect the ends of the bimolecular rings. The longitudinal crystal
direction is along the carbon chains. The blue circled hydrogen and oxygen are atoms that

form hydrogen bonds with molecules in and out paper directions.

PSQ organic-inorganic hybrid crystals can be chemically synthesized by the sol-gel
process in a large scale [21]. Due to its hybrid characteristics from the organic and

inorganic moieties, it has a potential to be applied in a broad range of fields, for example
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catalysts, surface modifiers and coatings [44], [45]. One unique property of the PSQ
crystal is its molecular structure as shown in figure 1-8. As a result of hydrolysis and
condensation of a precursor (bis(triethoxysilyl)octane (BTEO)), a 22 membered
bimolecular ring structure is formed as a repeating unit which is illustrated in figure 1-
8(a). Within the ring, two octylene chains are covalently linked by the two oxygen atoms.
At each end of the ring, there are four hydroxyl groups which can form hydrogen bonds
with the neighboring rings. With the hydrogen bonding and van der Waals force as the
intermolecular interactions, the molecular crystal in figure 1-8(b) is therefore self

assembled in 3D space due to one step condensation [21].

Along the carbon chain direction or the PSQ crystal longitudinal direction, the repeating
units are connected by hydrogen bonds, which have bond strength between the carbon-
carbon covalent bond and the van der Waals force. We expect the thermal transport in the
longitudinal direction is enhanced. To the best of our knowledge, there is little
experimental demonstration of the thermal transport effect of the hydrogen bonds within
the organic-inorganic hybrid crystals. It will be interesting to know the alkyl chain length
(number of carbon atoms in the bridging groups which connect the silanol groups as
shown figure 1-8(a)) effect on the thermal transport of the PSQ crystal, because the alkyl
chain length of the bridging group can be tuned by varying conditions in the sol-gel
process, which can lead to a tunable thermal conductivity of the PSQ crystal if the alkyl

chain length does affect the thermal transport in the hybrid crystal.

1.4 Motivation and scope
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The motivation for this work is to develop mechanical and thermal characterization
methods, e.g. nanoinstrumentation and microelectromechanical systems (MEMS), for
studying mechanical and thermal transport of crystalline polymeric materials in
micro/nano scale. The experimental results will provide a fundamental basis for
understanding mechanical and thermal properties of crystalline polymeric materials in
micro/nano scale. Techniques for producing highly crystalline polymer fibers have been
explored for the purpose of finding polymeric materials with remarkably enhanced
mechanical and thermal properties. Micro/nano fabrication techniques have been applied
throughout this research to manufacture micro devices for the characterization. Chapters

of this dissertation are arranged in the following manner:

Chapter 2 reviews the methods for PE nanofiber fabrication and the mechanical and
thermal characterization techniques for low dimensional polymeric materials. To increase
the crystallinity of the PE fibers, a two-stage drawing method is developed based on gel
spinning and tip drawing. With this fabrication technique, an individual fiber can be
produced with a diameter in nanometer scale. To characterize the mechanical properties
of such a nanofiber, various measurement schemes have been explored and the force
deflection spectroscopy technique is adopted due to its accuracy, reliability, and
feasibility for measurements in nanometer scale. Analysis of the corresponding
mechanical model has been conducted in details. To characterize thermal properties of
polymeric materials in micro/nano scale, a suspended micro device based technique is
developed and examined for fibrillar materials, and a conventional 3m method is also
discussed for 2D thin film polymers. Thermal models of both techniques have been

investigated as well.
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Chapter 3 characterizes the mechanical properties of the PE nanofibers. Young's moduli
of the nanofibers have been measured with force deflection spectroscopy (FDS)
technique. The measured Young's moduli have an averaged value of 312+108GPa, which
are even higher than some metals/alloys, such as aluminum, copper, and steel. While
performing the FDS technique, a nanofiber is precisely placed on a micro fabricated
silicon trench with a motorized micromanipulator. After the nanofiber is fixed over the
trench by gluing the two ends, an (atomic force microscopy) AFM cantilever is used to
scan the fiber and deflect the middle point of the fiber section which is suspended over
the trench. With a mechanical model derived from the Bernoulli beam equation, the
Young's modulus can be deduced. This chapter also examines the mechanism of the PE
crystallization during the nanofiber fabrication process; the crystal structure of PE is

confirmed by TEM selective area diffraction pattern.

Chapter 4 introduces an organic-inorganic hybrid crystal, PSQ, which is formed by
hydrogen bonding as the intermolecular force in the longitudinal direction. This chapter
focuses on the thermal conductivity measurement of the PSQ crystal. In the experiment, a
PSQ micro beam is placed on a micro device with suspended structures. By heating one
side of the PSQ beam, a steady heat transfer creates a temperature difference across the
sample. The temperature difference can be accurately determined by using the micro
device. With a modified thermal model based on Fourier's law, thermal conductivities of
PSQ crystals are obtained at ambient temperatures ranging from 20K to 320K, with 10K
as an increment. The experimental results yield an increasing trend of PSQ thermal
conductivity below 130K and a decreasing trend above. In this chapter, non-equilibrium

molecular dynamics (NEMD) simulations are conducted to study the phonon behaviors
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across the hydrogen bond interface. The simulation results demonstrate a great agreement
with the experimental results regarding both the value and trend of the PSQ thermal

conductivity.

Chapter 5 describes the thermal characterization of the PE nanofibers fabricated with the
two-stage drawing method. This chapter mainly attempts to address the issues of thermal
contact resistance between the PE nanofiber and the supporting surface. Cyanoacrylate
based super glue is firstly tested as an intermediate material to reduce the thermal contact
resistance. The measured thermal conductivities of the nanofiber reveal a crystal like
trend with varying ambient temperature. Platinum deposition assisted with focus ion
beam system is also utilized to tackle the contact problem, however, due to the ion beam
effect. The PE fibers shift from crystalline state to amorphous, for which, the crystal like

trend of thermal conductivities is not observed.

Chapter 6 finally summarizes the major contributions of the dissertation. The future work
and possible challenges along with their potential solutions are also highlighted in this

chapter.
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CHAPTER 2. Background and Methods

2.1 Polyethylene (PE) nanofiber fabrication

2.1.1 Overview

As mentioned in Section 1.1.2, stress-induced polymer crystallization has been
demonstrated to yield polymer fibers/films with high crystallinity on a large scale. The
polymer fibers with increased crystallinity have been applied in various applications, due
to their remarkably enhanced mechanical, thermal, and chemical properties [19], [25],
[27], [46], [47]. Besides the ultra-drawing method as described in Section 1.1.2, other
manufacture techniques, such as surface growth method [48]-[51], spinning [22], [52],
[53], extrusion [54] and electrospun [55]-[59] have also been implemented to produce

polymer fibers, especially PE fibers.

In the surface growth technique, PE is dissolved in suitable solvents, such as p-xylene.
The solution is then filled into a Couette flow apparatus which is comprised of a
cylindrical vessel and a rotating inner cylinder. At a proper crystallization temperature,
for example, 103°C [49], a PE seed crystal which is grown from the p-xylene solution is
pressed against the rotating cylinder. A microfiber with a diameter in the range of 5 to 40
microns continuously grows at the end of the seed crystal. While the microfiber is
growing, it is wound on a variable speed take-up roll. The microfibers fabricated by this
method are completely made of nanofibrils in the Shish-Kebab structure which signifies a
very high crystallinity and molecular orientation in the microfibers. The surface growth
technique yields a much higher fiber growth speed (31cm/min) than a free growth where
the seed crystal is placed in the gap between the vessel and the inner cylinder. The
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significantly increased growth rate is attributed to PE molecules adhered on the surface of
the rotator, which is a phenomenon commonly observed at the liquid and solid interface.
Due to the high crystallinity of the microfibers, a Young's modulus of 105GPa can be
achieved [18]. However, the fiber breakage at high take-up speed inhibits a wide

commercial adoption of this technique.

Whereas polymer spinning technique has long been studied and already applied in mass
production of polymer fibers for commercial use. Based on the initial state of the
spinning polymers, and the post processes after the spinning step, the spinning technique
can be classified into melt spinning solution spinning and gel spinning. In melt spinning
[60], [61], the initial polymer is heated to a temperature much higher to its melting point,
for example, in PE melt spinning [61], the extrusion temperature reaches 210°C, which is
70°C higher than the melting point of PE. The molten polymer is then pumped through a
spinneret capillary. A take-up spool is used to stretch and collect the extruded fibers.
During the stretching process, elongation flow in the polymer melt aligns and orientates
the molecules along the fiber direction. Fibers with moderate crystallinity can normally
obtained by this technique. However, this technique is only limited to thermal plastic
polymers and the very high extrusion temperature reduces effectiveness of the chain-

extension process [62].

The terms, solution spinning and gel spinning, are sometimes interchangeable. Both of
these two techniques require polymers to be dissolved in suitable solvents, the mixture
then passes through a spinneret with holes, and finally fibers emerge from the spinneret
holes. In both techniques, after the spinning step, substantially stretching of the fibers is

followed to induce high degree crystallinity [22]. The difference between the solution
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spinning and gel spinning is whether the spinning temperature is over the melting point of
polymer crystals. If the spinning temperature is above the melting point, the network
exists in the gel state completely disappear and the molecules in the solvents are in
random coil state, the corresponding procedure is normally regarded as solution spinning,

and vice versa.

A typical example of gel spinning is the ultra-high molecular weight PE fiber [63], [64],
which is challenging for melt-spinning, because the extremely long and entangled PE
chains in the melt hinder the full extension of PE molecules. In the PE gel spinning, PE is
first dissolved in an appropriate solvent at a temperature above the PE crystal melting
point (>140°C). After cooling the mixture to room temperature, the solution turns into a
gel state. The gel is then extruded through a spinneret to form a gel fiber at a temperature
below the melting point. The gel fiber further subjects to solvent removal and a hot
drawing step at a temperature around the melting point. The fibers obtained from the gel

spinning technique are proved very strong with a tensile strength of 3.5GPa [25], [64].

While the conventional spinning techniques started from 1970s [22], [53], [62],
electrospinning gained substantial research interest in the 1990s [58], with the advent of
nanotechnology. Using the electrospinning technique, polymer fibers can be easily scaled
down to nanoscale which is very challenging for the conventional spinning techniques.
There are many unique properties for nanoscale polymer fibers, for example, a
remarkably high surface area greatly enhances the catalysis performance [65], and the
nanoscale size is highly beneficial for filtration membranes, tissue engineering scaffolds
etc [66]. As a result of great academic and commercial interests, there are many review
articles on the electrospinning technique [65]-[67]. In general, an electrospinning system
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has three components, a vessel with a fine capillary needle attached, a collecting
apparatus often made of metals which also serve as a counter electrode, and a high
voltage power supply. During the electrospinning process, the vessel is filled with
polymer solution, a high electric field (100-500kV/m [58]) is applied between the vessel
needle and the counter electrode. As a result, a Taylor cone is formed at the end of the
needle. Beyond a voltage threshold, an electric force outbalances the surface tension of
the polymer solution; a jet is formed within the electric field. Due to the instability and
high speed of the jet, the polymer fiber can be stretched and shrunk to nanoscale. With
the electrode spinning method, a large variety of polymer fibers have been produced, for
example, Nylon-6,6 [68], polyacrylonitrile (PAN) [56], polymethyl methacrylate (PMMA)

[69], titanium oxide (TiOy) [70], PE [59], [71] etc.
2.1.2 Two-stage drawing method

As mentioned above, the conventional spinning method can only produce polymer fibers
in micro meter scale. Although the electrospinning method has succeeded in mass
fabrication of the polymer nanofibers, the crystallinity is not as high as fibers obtained by
the conventional spinning method [59], probably due to the lack of a post hot drawing
step. With the goal of characterizing an individual PE nanofiber with high crystallinity,
we adopt a two-stage tip drawing method. As illustrated in figure 2-1, our method is a
combination of gel spinning and tip drawing. To fabricate a PE nanofiber, we first
dissolve PE powder (ultrahigh molecular weight PE; dimensionless relative molecular
mass of 3-610° Alfa Aesar) in Decalin at 140°C to prepare a PE gel. The dilute solution
has a concentration of 0.8 wt%. The dissolving process is conducted inside a glove box

filled with argon gas to avoid molecular degradation. During the dissolving process, the
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mixture should be continuously stirred to prevent local over heat, and enhance the
uniformity of the solution. Particular care should also be taken to avoid bubble generation

during the stirring process.

After the white PE powder is completely dissolved, the mixture becomes a transparent
viscous fluid and the beaker containing the liquid is immediately put into a cold water
bath. This quick water quenching step can suppress the formation of large lamellar
crystals, which can prolong the time needed for further remelting of PE. Because a large
super cooling temperature, around 95°C below the equilibrium melting temperature,
significantly decreases the thickness of the lamella at meta-stable state [72]. After about
30 minutes when the liquid is cooled down to room temperature, the translucent PE gel is
made. The translucent color is due to the mixture of the randomly coiled PE chains and

the uniformly dispersed lamella in the solution.

PE Fiber Glass Tip

PE Gel - : T r
Heater

Hot Plate <
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Figure 2-1 Schematic of a nanofiber fabrication setup. The heater represented by the red
block heats the PE gel to a temperature of 120°C which is beyond the melting
temperature of PE crystals. The hot plate heats the surrounding air to 90~100°C which

expedites the solvent evaporation during the drawing process.

Following the PE gel preparation, a two-stage heating process is implemented to produce
highly-crystalline PE nanofibers [31]. A hot plate is used to uniformly heat the air above
at 90~100°C. A 5 mm by 5 mm silicon chip is suspended about 1 cm over the hot plate. A
small heater is attached to the back of the chip. The heater and the chip together form a
PE gel holder whose temperature can be adjusted to melt the gel in a controllable period
of time. The gel is heated at 120°C on the silicon chip for a few seconds until the
translucent gel turns into a clear liquid. A glass tip fixed to a micromanipulator is then
used to horizontally pull a microfiber with a length of hundreds of microns. The
microfiber suspended over the hot plate is heated by the hot air. The microfiber is then
slowly drawn so that its size is scaled down to nanometer level, and during this drawing
process, the fiber is subject to the second stage heating. The entire drawing process is

conducted under a dark-field stereo microscope and takes 1~2 minutes.

With the two-stage drawing method, we are able to obtain individual PE nanofibers with
very high crystallinity. Unlike the conventional gel spinning method where the PE
solution passes through the spinneret holes which causes transverse flow. In the two-
stage drawing process, the fibers are free in space without any effect from the solid walls,
therefore the drawn solution experiences almost pure elongation flow which creates

uniform acceleration along the drawing direction [52]. Especially when the shear rate is
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beyond a threshold [73], polymer chain extension undertakes a sharp coil-stretch
transition. Upon solvent evaporation and PE solidification, the extended and aligned
chain structure sustains in the fabricated fibers, which consequently ensures an

extraordinary high crystallinity.

2.2 Mechanical property characterization for one dimensional

materials

2.2.1 Probing mechanical properties of materials in nano meter scale

With the development of nanotechnology, a variety of one dimensional materials have
been produced and extensively studied, for example, metal nanorods, carbon nanotubes
and polymer nanofibers [74]. Due to a decrease in the number of defects per unit length
compared with the bulk, one dimensional material is predicted to possess enhanced
mechanical properties. However, the conventional bending and pulling tests are hard to
be implemented for mechanical study of the nanosize materials [75]. Therefore, it is of
great interest for researchers to develop tools and techniques to characterize the

mechanical properties of these one dimensional materials in nano meter scale.

Natural resonance vibration method has been successfully used to measure the Young's
modulus of carbon nanotubes [76] and carbon nanofibers [56]. The method is based on
resonant excitation of nanofibrils in situ in a transmission electron microscope (TEM) or
scanning electron microscope (SEM). In the method, the nanofibril is attached to a thin
tip, for instance, an atomic force microscopy (AFM) cantilever tip or an ultrafine metal
wire. A piezoactuator drives the whole assemble to vibrate. By scanning the driving

frequency applied on the nanofibril, we are able to find its first harmonic (the
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fundamental frequency) where the amplitude of the vibration reaches maximum. The first
harmonic has a direct relationship with the Young's modulus of the nanofibril as shown

in equation 2.1:

L (21)
2z L 16 p
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0

=

f =

0

where fp is the fundamental frequency of the nanofibril, 5, is a coefficient for the
fundamental mode of vibration, d, L, p, and E are respectively, the diameter, length,
density and Young's modulus of the nanofibril. From equation 2.1, we can calculate the
Young's modulus. However, polymer nanofibers are hard to be characterized with this
method, because the very long electron exposure time can induce large irreversible

morphological damage.

Nanoindentation is also reported [77]-[79] as a feasible method to study the mechanical
properties of nanomaterials. In the method, a nanoindenter tip is brought to contact with
and indent the measured material. A loading and unloading displacement curve is then
obtained during the indentation process. The force gradient S of the initial part of the

unloading curve has a correlation with an effective modulus E, [77]:
S=2p AE , (2.2)

where £ is a geometric factor of the indenter, and E; is affected by both the modulus of

the indenter E; and the modulus of the measured sample E:

L LA (2.3)
E.E E
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where v, and v; are Poisson's ratio of the sample and the indenter. It is important to know
that equation 2.2 works with the condition that the deformation during the indentation is
purely elastic [77], [80]. It is still an open question that whether the equation is still
applied in nanoscale [80]. Especially for polymer nanofibers, the Young's modulus is
highly anisotropic, it is not proper to implement the nanoindentation method for polymer

nanofiber characterization.

Besides the two methods mentioned above, bending tests assisted with an AFM have also
been extensively explored for mechanical property characterization of nanomaterials.
Among all bending tests, there are mainly two categories, the lateral force bending test
[74], [81], which deflects the nanofilaments in a direction perpendicular to the AFM tip,
and the vertical force bending test [80], [82]-[84] in which the deflection of the samples
is along the AFM tip direction. The later is also referred to as force deflection
spectroscopy technique or three point bending technique. In the following part of this
dissertation, we call the technique as force deflection spectroscopy to avoid confusion.
The two type bending tests are all based on Bernoulli's beam equations and rely on the
high special resolution of the AFM. Although both techniques have been used to
successfully extract the mechanical properties of nanofilaments, the lateral force bending
technique suffers tricky calibration of the torsional mode of the AFM cantilever [80],
which makes the force deflection spectroscopy (FDS) technique surpass the former
technique, and for the same reason, we use the FDS technique for our polymer nanofiber

characterization.

2.2.2 Force deflection spectroscopy
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Even though the FDS technique outperforms other techniques due to a number of
advantages mentioned in the section above, it involves the fabrication of a substrate with
micro trenches and a few tedious sample preparation steps which are usually time
consuming. Generally there are three major tasks before the FDS measurement: 1. Design
and fabricate silicon chips with micro trenches of dimensions suitable for the mechanical
properties of nanomaterials to be measured. The trenches are usually fabricated by
photolithography and reactive ion etching on a silicon wafer. 2. Place the samples on the
silicon chip and firmly clam the samples on the trench. 3. Scan the sample assembly
made in the second step using an AFM to select the samples with good clamping
condition on the trench. These sample preparation steps are further stated with details in

the following sections.

2.2.2.1 Silicon trench fabrication

We fabricated the silicon trenches/holes with the conventional photolithography. The
entire fabrication process is illustrated in figure 2-2. The process starts with a 4" intrinsic
silicon wafer. On the silicon wafer, we first spin a layer of AZ 4110 photoresist at 4000
rpm. The resulting film thickness is about 1.1 um. The coated wafer is baked at 90°C on a
hot plate to remove moisture and slightly harden the photoresist. After the soft bake step,
the silicon wafer with photoresist is exposed to ultra violet (UV) (wavelength of 320nm
at 5SmW/cm= in a contact aligner (Karl Siss MAG) for 60 seconds. Following the
exposure step, we immerse the silicon wafer in a developer (AK 400K: DI water, 1:4) for
75 seconds. Gentle agitation is applied to ensure a uniform development. After the

development, the wafer is subject to deionized (DI) water rinsing and N, blow drying.
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To fabricate micro size trenches/holes with vertical sidewalls, we choose deep reactive
ion etching (DRIE) for an anisotropic etching to avoid undercut which normally happens
in wet etching. A STS Multiplex ICP RIE system is used for the DRIE. During the dry
etching process, the wafer is placed in a vacuum chamber (100mTorr) filled with reactive
gases O, and CF4 with flow rates of 3.1 sccm and 25 sccm, respectively. RF power of
100W is applied to induce Ar gas plasma for enhancing the Si etching rate. With this
particular recipe, the etching rate is about 0.15 microns/min. For 500nm deep
trenches/holes, the dry etch step takes about 4 minutes. The final step after the dry
etching is to remove the photoresist residual in AZ 400T stripper at 50°C for 2 minutes.

The cleaned wafer is then cut into dies (bmm ><5mm) by a dicing saw.
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1. Photoresist AZ 4110
spinning

ﬁ 2. Photoresist UV exposure
3. Photoresist patterning with
AZ developer 400K
4. Anisotropic reactive-ion
etching

5. Photoresist stripping

Figure 2-2 Silicon trenches fabricated with conventional photolithography and

inductively coupled plasma RIE etching.

2.2.2.2 Sample preparation for FDS measurements

After the two-stage drawing process, a PE nanofiber sways over the hot plate. The diced
silicon chip with micro-fabricated trenches is lifted to touch the PE nanofiber. Under a
stereomicroscope, we apply a drop of epoxy on the PE nanofiber at each edge of the
silicon chip in order to fix it on the substrate. The epoxy usually takes about 20 minutes

to cure at room temperature. The silicon chip with the PE nanofiber is then removed from
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the setup after the fully cure of the epoxy. The cured epoxy has enough gripping strength
to hold the nanofiber on the silicon chip, which enables us to pull and break the PE

nanofiber between the drawing tip and the small heater where the PE gel is placed.

The silicon chip is then positioned under a high magnification microscope (Nikon,
Eclipse LV 100 DA-U). A high resolution motorized micromanipulator (MPC-200-ROE,
Sutter Instrument Company), with minimal micro step size as small as 62.5 nanometers,
is used to drive a rigid copper arm on which a tungsten tip is mounted. The tungsten tip is
adopted for adhesive transfer and precisely clamping the PE nanofiber over silicon
trenches with width ranging from 5 um to 10um. It is worth to note that there are two
reasons for us to choose the tungsten tips: First, the surface tension of tungsten is much
larger than the cyanoacrylate based super glue used for clamping. Second, the tungsten
tip with an end diameter about 1um is rigid enough to manipulate the nanofibers and
push them against the substrates. Figure 2-2 shows a successfully clamped PE nanofiber
on the silicon substrate. The circled sections are where the PE nanofiber is freely
suspended with both ends fixed over the trenches, which satisfies the model of structural

beam deflection with both ends fixed.
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alet)

Figure 2-3 (a) An optical graph of a PE nanofiber clamped by adhesives and separated to
sections marked by white circles where the nanofiber is suspended over the micro-
fabricated silicon trench, the scale bar is 10um. (b) An AFM image of the PE nanofiber
in (a), the relatively white part in the image represents a little portion of the adhesives, the

scale bar is 1 um.

Because of the low surface energy of the super glue compared with silicon, super glue
tends to freely spread and wet an arbitrarily large area on the silicon substrate; therefore,
careful manipulation of the glue with a controlled covering area is critical for a successful
clamping. We first place a thin layer of glue around the testing area where there are no
trenches and then push the tungsten tip against the edge of the glue film where the glue
layer is thinner compared with the center area. With this step, we can avoid a large
amount of glue attaching the tungsten tip, and the thin layer of glue allows us to conduct
a precisely gluing over a small area about a few square micrometers. The tip which is
covered by an appropriate amount of glue is then moved and aligned with the trenches.

By dropping the tip to the substrate using the micromanipulator, a downward force is
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applied to deflect the tip slightly for pinning down the PE nanofiber. It is found that the
glue usually stops flowing when it arrives at the edges of the trenches due to the edge
effect in wetting [85]. This edge phenomenon is particularly helpful for our research;
because of which, we can have the PE nanofiber exactly pinned at the edges without the
trenches partially filled with glue which would potentially limit the natural deflection of

the nanofiber under bending tests.

2.2.2.3 FDS measurement scheme and its analytical model

The FDS measurements are based on force deflection (FD) curves (also called force
distance curves). The FD curve has been widely employed to study the surface properties
of diverse materials by exploring the surface interactions [86]. With proper cantilevers
and the high resolution of AFM, the FD curve can display surface force interactions

down to piconewtons [87].

A typical FD curve obtained on a bar silicon substrate is illustrated in figure 1-4(b) with
x-axis as the height of the cantilever and y-axis as the force on the cantilever. The FD
curve has two components, the approaching curve and the retracting curve. While the
cantilever approaches the substrate, the distance between the cantilever tip and the
sample surface is too large for any interactions, the cantilever remains its original state
with zero deflection which is represented by the initial portion of the approaching curve.
With the tip very close to the surface, attractive forces, such as van der Waals force,
capillary force, electrostatic force etc., causes jump to contact which can be observed as a

small dip on the approaching curve.
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When the tip and sample are in contact, the height of the cantilever base keeps decreasing.
A repulsive force depending on the surface chemistry and physics deflects the cantilever.
The repulsive force stays until the cantilever is retracted from the sample surface. It is
this portion when the tip stays in contact with the sample surface gives a large amount of
information about the sample properties, such as hardness, elastic/plastic deformation etc.
For figure 2-4(b), the approaching and retracting portions of the FD curve at full tip-
sample contact completely overlaps, demonstrating that there is only elastic deformation
which is mainly attributed to the deflection of the cantilever itself. A larger dip can
normally be observed in the retracting curve when the cantilever is lifted off from the
surface, this is primarily due to two factors, the force deflection curve hysteresis caused
by a low spring constant of the cantilever and adhesion forces as a result of the surface

chemistry or external substances like water vapor [86].
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Figure 2-4 A FD curve obtained on a bare silicon substrate. (a) A cartoon of an AFM
cantilever approaching (black arrow) to and retracting (red arrow) from the substrate. (b)
A FD curve corresponding to the movement of the cantilever described in (a), with the

black curve for approaching and the red curve for retracting.

The first step of a FDS measurement is to image the nanofibers using AFM contact mode.
Through the images, the middle point of the nanofibers over the trench can be precisely
located, and this point is where the AFM cantilever tip applies a force. The force applied
causes a deflection of the nanofibers. With the AFM system, a FD curve can be obtained
by recording the corresponding deflections while gradually increasing the concentrated
force. The FD curve on the nanofibers is a combination of deflections from both the
nanofibers and the AFM cantilever. In order to find the sole deflection of the PE
nanofiber, FDS measurement is required to be performed on a bare silicon surface to get

a FD curve for the silicon substrate.

A
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Figure 2-5 FD curves of PE nanofiber and rigid silicon substrate. F is the concentrated
load applied at the midpoint of the suspended PE fiber or solely on the silicon substrate.
Z is the height of the AFM cantilever base. The blue curve represents a total deflection
from the AFM cantilever itself and the PE nanofiber. The red curve is the calibration
curve which only includes the deflection of the AFM cantilever when it contacts the rigid

silicon surface.

Two schematic FD curves, one for a nanofiber and the other one for a silicon substrate,
are shown in figure 2-3, where only the linear portions are presented. When the AFM tip
is brought to contact with the rigid silicon substrate, only the AFM cantilever bends, and
hence with the same applied force Fy, the deflection AZ corresponding to the cantilever
bending is smaller than the combined deflection AZ,. The difference between AZ,and AZs
is the midpoint downward deflection ¢ of the nanofiber. By analyzing figure 2-3, we can

express o by the slopes of these two FD curves:

5:Azp—AzS:5—5:Fo[ksk”) (2.4)

k k

p

When a homogeneous beam is fixed at both ends and a concentrated load is applied at the
center of the beam, the expected maximum deflection at the center is given by the

following formula:

FL
192E1

(2.5)
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which is a solution of the Euler-Bernoulli beam equation provided that the longitudinal
length of the beam's neutral plane doesn't change during the bending, where F is the
concentrated central load, L is the length of the original beam, and | is the moment inertia
of plane area associated with the beam. Since Fq in formula (1) is any load within the
corresponding deflection range, we can replace Fo with F. Equating formula 2.4 with

formula 2.5,

(2.6)

and substituting the moment of inertia for a circular cross section, 1=(zd*/64, into

formula 2.5, we have the Young's modulus described as:

3 3
kskp L kskp L

= 2 ! (27)
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where d is the diameter of the cylindrical beam or the diameter of the nanofiber in our

case.

Even though FDS can be readily used to measure the Young's modulus of various nano
fibrillar materials, three critical points should be carefully examined. First, the spring
constant of each AFM cantilever should be calibrated using the in situ thermal noise
method[88] before each measurement. The spring constants should be carefully chosen to
fit the measurement of different materials. If a cantilever is very stiff, the deflection of
the cantilever is not noticeable compared with the deflection of the sample, whereas for
an extremely soft cantilever, the deflection of the sample is not significant. Both extreme

cases can induce large uncertainties in the final calculations of the Young's modulus;
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therefore, the AFM cantilevers used for measurements should be carefully selected based
on their spring constants. As an example, in our PE nanofiber measurements, we choose
AFM cantilevers with spring constants ranging from 2.5N/m to 3N/m, these cantilevers
can significantly increase the accuracy of the measurements. Second, a closed-loop
piezoelectric z scanner should be used in the measurement, in order to reduce the system
hysteresis. Third, considering the validity of Euler-Bernoulli beam equation, the vertical
deflections of the nanofibers ought to be limited within the range about the diameters of

the tested nanofibers.

2.3 Thermal transport characterization for one dimensional polymeric

materials

Thermal transport in low dimensional materials has been intensively studied as a result of
the rapid progress in the synthesis and production of these materials with micro/nano
scale dimensions. Numerous techniques have been developed to accurately probe the
thermal properties. For example, 3o method developed in 1990s [89] has been widely
used to explore thermal transport in organic and inorganic materials [90]-[92]. However,
this method normally needs to fabricate a thermal device on a smooth and flat surface,
which makes it impossible for thermal characterization of organic filaments in
micro/nano meter scale. Time domain thermal reflectance (TDTR) and frequency domain
thermal reflectance (FDTR) eliminate the direct device fabrication on the sample surface;
both techniques have been applied for thermal property measurements of sub-micron thin

films [93]-[96]. Nevertheless, the pump and probe lasers equipped in the systems have
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spot diameters of several micrometers or even larger [94], [95], [97] which are much

bigger than the diameter of a polymer nanofiber.

Recently, a method based on bi-material AFM cantilever was used to measure the
thermal property of individual PE nanofibers at room temperature, and yielded a thermal
conductivity of ~104W/mK for a highly crystalline PE nanofiber [31]. Unfortunately, a
particular problem associated with this method is the low signal to noise ratio which
imposes a high level of uncertainty on the measured thermal conductivities. Furthermore,
the bi-material cantilever method is hard to characterize the thermal properties over a
large temperature range, for example, from 10K to 320K, within which the thermal

properties can be very interesting and important.

To accommodate the thermal characterization of PE nanofibers fabricated by the two-
stage drawing method, we decide to incorporate a micro device with suspended structures
in our thermal study of the nanofibers. With the micro device, we can directly measure
the thermal conductivities of the nanofilaments by applying a simple steady state heat

transfer model [6], [40], [98].

2.3.1 Micro devices with suspended structures

Figure 1-6 shows a typical micro device with two suspended islands. The detailed
fabrication process is well documented in previous literature [6], [99]. Briefly, we
fabricate the device using a standard wafer-scale micro-fabrication process. The process
starts with coating a silicon wafer with 0.5 pum thick silicon nitride with chemical vapor
deposition (CVD) first and a second layer of platinum (Pt) with thickness of 30 nm by

sputtering deposition. The Pt layer is then patterned to electrically conducting legs and
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serpentine coils with photolithography and ion milling. With the SiNx layer exposed,
another photolithography step together with RIE is conducted to remove the area without
Pt structure. A final Si etching step with tetramethylammonium hydroxide (TMAH) or
potassium hydroxide (KOH) is performed to release the thermal device. The final width

of the conducting legs is about 2 um, and the line width of the serpentine coil part is

around 1.3 um.

As shown in figure 2-6, a SiO, nanowire is placed between the two suspended islands.
One of the islands has a DC current passing through for heating one side of the SiO,
nanowire. Once the heat transfer reaches steady state, a constant temperature difference is
built between the two islands. The resistances of the two islands increase with
temperature due to a higher possibility of electron collisions. Therefore, the temperatures
of the islands can be deduced by measuring the resistance change with a high resolution

lock-in amplifier which is described in details in the following section.

There are two common challenges of preparing a thermal device with samples
incorporated. The first challenge is how to place the nanowire exactly at the gap between
the two islands. It depends on the samples to be measured. For samples which can be
individually dispersed in a solution, we can directly cast a drop of the solution on the
device, and by chance, out of a number of devices, there are usually some devices with
samples just bridging the gap. For samples which can be grown with catalysts, we can
simply use the devices as substrates and directly grow the samples between the gaps, for
example, carbon nanotubes. For samples that must be picked individually, we should use
a micromanipulator to precisely pick the sample and place the sample across the gap. The

second challenge is the thermal contact between the nanowire and the islands. For
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inorganic materials, for example, nanowires made of SiO, and Si, FIB assisted Pt
deposition can usually make good thermal contacts with a resolution of several
nanometers. For organic materials with low thermal conductivities, we either simply put
the sample on the devices without any bonds or a layer of organic adhesives, because the
intrinsic thermal resistance of the sample itself is much higher compared with the contact
thermal resistances even with the samples adhering the islands only by the effect of van

der Waals force.

Pt Bonding
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Figure 2-6 An SEM image of a micro device with two suspended islands. The two islands
are identical with Pt coils and legs fabricated on the top surface and a bottom SiNx layer

as the supporting substrate.

2.3.2 Electrical configuration and thermal model
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1 ¢

Figure 2-7 Electrical connections of the thermal device for thermal conductivity
measurement. The red colored line represents a DC current path which heats the SiNXx
substrate due to the Joule heating effect. The blue colored line stands for samples to be

measured.

As shown in figure 2-7, for each island, there is an alternating current (AC) (iach and iacs)
flowing through the Pt coil, the AC is supplied by an internal oscillator from a lock-in
amplifier. The frequencies of ACs are 1.11kHz and 150Hz respectively for the heating
island and the sensing island. The particular frequencies are chosen so that other possible
noises, for example, the power-line frequency and its harmonics, can't interfere with
signals to be measured. To avoid unexpected temperature rise of both islands caused by
the AC, the current is therefore controlled to be within several nanoamperes, for example,

50nA used in our measurements. This is achieved by serially connecting a 100MQ
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precision resistor in the electrical circuits. Using the four terminal sensing method, the
resulted first harmonic component of AC voltage drop (Vach and v s) across the Pt coil is
measured with the lock-in amplifier. Consequently, the accurate resistances of both Pt
coils can be deduced from the ratio of measured AC voltage and supplied AC. The
electrical resistances of Pt coils on the heating and sensing islands are normally from
1.3K to 5K at room temperature. And the electrical resistances change linearly with
temperature, for which, we can detect temperatures of the islands by measuring their

electrical resistances of the Pt coils.

In order to produce a temperature difference between the two islands, as show in figure 2-
7, a DC (I) is applied to the Pt coil on the heating island by a source meter (Keithley
2400). In a typical measurement, the source meter sweeps a DC from 0 pA to a
maximum current which doesn't produce a temperature difference over 3K between the
two islands. For our thermal devices with a PE fiber on, the maximum current above is
usually less than 15 pA. When the DC flows through the Pt coil, a certain amount of
Joule heat regarded as uniformly distributed volumetric heat raises the temperature of the
Pt coil. Because the small thickness of SiNx is about 300nm, the heat capacity of the
islands is very small, leading to a thermal time constant of the suspended islands on the
order of 10ms, so that we assume the temperature the Pt coils is the same as the

supporting SiNXx islands.
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Figure 2-8 Thermal model based on the electrical connections in figure 2-7.

Figure 2-8 illustrates the heat transfer process during the experiments. As a result of the
DC applied, Joule heat is produced on both two heating legs and the heating island, and it
is dissipated to ambient environment through all 10 supporting legs. Whereas heat
transferring through the sample increases the temperature of the sensing island, which
further changes the resistance of the Pt coil on the sensing island. By measuring the
resistance change with the lockin amplifier, we are able to identify the temperature of the
sensing island, the same holds true for the heating island. By knowing the temperature

difference across the sample, we can calculate its thermal conductivity.

As mentioned above, the Joule heating on the heating island is dissipated to the

environment through the samples to be measured and the supporting legs. However, the
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heat transfer through the two heating legs is not the same as the other supporting legs due
to their internal Joule heating source. As shown in figure 2-8, considering the energy

conservation for a heating island, the power of the heating island can be represented by:

P = IZRhi =2Q,, + 3Gl(Thi _Ths)+Gs(Thi _Tsi)’ (28)

where | is the DC applied onto the Pt coil on the heating island, R, is the electrical
resistance of the Pt coil on the heating island, Q,, is the heat dissipation through the
heating leg, G, and G_ are respectively the thermal conductance of a non-heated

supporting leg and the nominal thermal conductance of the sample, T,,, T, and T, are

hi?

the temperatures of the heating island, sensing island and the ambient environment. By

applying the energy conservation equation for the sensing island, we have:

G, (T,-T,)=5G(T,-T,), (2.9)

sl sl

where we assume all the supporting legs have the same thermal conductance due to their
exactly same designed dimensions, and thus the power of the heating island is described

as:
P = Ithi =2Q,, + 3G, (Thi _Ths) +5G, (Tsi _Thl)’ (210)

In our experiment, the entire device is subject to a vacuum around 1*10'Torr, for which
we can ignore the heat transfer via the residue air molecules and thermal radiation [100].
In figure 2-8, we define the origin of the x axis at the middle point of the supporting legs,

and the length of the legs is 2L, we have the heat equation for one of the heating legs as:
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RIS (2.11)

The boundary conditions of one supporting leg is T(-L)=T,, and T(L) =T, , and q is

the volumetric Joule heat as a result of the applied DC | on two of the supporting legs, it

can be calculated as:

g=—", (2.12)

where R is the electrical resistance of one supporting leg, A, is the cross section area of

cr

the supporting leg. The solution of the equation 2.11 with its boundary conditions is:

) T, -T,  T.+T,
T = i(Lz _ X2)+ hs hi X + hs + hi , (2.13)
2k 2L 2

and therefore at x=-L, the interface between the heating island and one heating leg, the

heat transfer can be derived from equation 2.13 according to the Fourier's Law:

Q, = -kA T gia +m(T.—ThS), (2.14)

where k, is thermal conductivity of the supporting leg. By combining equation 2.12 and

2.14, we have:

Q= -KA, —=- I+J(Thi_Ths)’ (215)

if we define a thermal conductance of a heating leg as G, =k,A, /2L , the heat

transferred from the heating island through both heating legs is:
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2Q, = -1°R, +2G,(T,, - T,.), (2.16)

and therefore equation 2.13 can be further written as:

2

P=1°R, =-1°R, +5G, (T, -T,)+5G,(T,-T,), (2.17)

hi

in equation 2.17, we notice that the capability of heat dissipation for the ten supporting
legs is reduced by 1°Rr,, due to the Joule heat effect in two legs. From equations 2.9 and

2.17, we obtain:

(5G,+G,)
Ti—Tw = 1
5G,(5G, + 2G))

R (2.18)

G, )
Tsi_Ths: 7'
5G,(5G, + 2G.)

R, (2.19)

where y = (R, + R,)/ R,, . Because the resistances of Pt coils change with temperature,

and in our experiments,

R,(T)=R (T )+a (T-T,), (2-20)

Rsi (T) = Rsi(Ths) + asi(T - Ths) ' (221)

where «,, and «_ are the nominal temperature coefficients of resistance for the heating

and sensing islands, they can be obtained by fitting the electrical resistances of the Pt

coils with temperature change. Hence, from equation 2.18 to 2.21, we have:
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Ry (Ty) = Rhi(Ths)+q)hi|2Rhi’ (222)
Rsi(Tsi) = Rsi(Ths)+(Dsi|2Rhi’ (223)
where, @, =« (56,+G.) y,and @ ; =« ©, y, @, can be obtained

"5G (5G, + 2G ) " 5G,(5G, + 2G)

by fitting R, (T,,) with applied power 1°Rr,,, and similarly, for @ , . Finally, we can

hi !

calculate the nominal thermal conductance of the measured sample as:

7(I)si/asi

G, = 2
((Dhi /ahi) _(q)si /asi)

S

(2.24)

2 i)

5G = hi%si i hi ’ (225)

and therefore, with the dimensions of the measured sample characterized, the effective

thermal conductivity «_, is calculated as:

(2.26)

where Ls is the length of the measured nanomaterials, and A is the cross section area.

Here, « , can be regarded as the intrinsic thermal conductivity k_ of the measured

sample only if the thermal contact resistance between the sample and the islands is
negligible compared with the thermal resistance of the sample. This will be discussed

case by case in the following chapters.

2.3.3 Measurement schemes and system characteristics
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After a sample is successfully placed and secured on the thermal micro device, we then
attach the micro device onto a 24 lead side brazed ceramic dual-in-line package (DIP)
(Addison Engineering, Inc.). A small drop (<500um in diameter) of silver epoxy is
applied between the micro device's bottom surface and the package's surface to reduce
the thermal contact resistance. The micro device and the package are connected using
25um diameter gold wires with a wedge wire bonder (West Bond Inc.). The package with
the micro device assembled is then mounted on a copper finger in a cryostat (Model
CCS-450 Optical high temperature refrigerator system, Janis research Co.). The global
temperature of the cryostat can reach 10K with a closed cycle liquid helium compressor

(CTI-Crogenics 8200 Compressor, Brooks automation, Inc.).
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Figure 2-9 (a) The resistance changes of the heating island Ry; and the sensing island Rs;
with time during the cooling down process. (b) The global temperature change of heat

sink Tps with time. (c) The resistance changes of the heating island Ry and the sensing

island Rs; with global temperature Tps.

The cryostat chamber is evacuated to a vacuum level about 1x10°mbar (7.5%10"Torr).
Then we start the compressor to cool down the cryostat. As shown in figure 2-9(a,b), the
system usually takes about 1.3 hours to reach 10K. From the cooling down process, we
can also check the temperature coefficient of resistance (TCR) for both islands by fitting
figure 2-9(a,b). It is noticed that in a low temperature range, especially where the global
temperature is below 50K, the resistances are not linearly proportional to the temperature,
and therefore, in this particular temperature range, we can't use linear fitting to get the
TCRs. Although we can obtain a plot shown in figure 2-9(c), we normally don't use it for

calculating the TCRs; instead, we measure the resistances before each steady state
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measurement in order to obtain more accurate results. However, the TCRs fitted from
both methods are very close with deviation <3%. When the system stables at 10K, we

begin to conduct our measurements at global temperatures with an increment of 10K.

Although it is impossible to put a thermal couple on the suspended structure and measure
the local temperature of the sample, we can examine the temperature difference measured
around the thermal diode and the islands by analyzing the transient heat conduction as

shown in figure 2-10.
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Figure 2-10 Temperature change (dashed line) measured by the thermal diode and the
resistance change (black line) of the heating coil while the global temperature switches
from 260K to 270K. The arrows indicate the point where heat transfer reaches to a steady

state.
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As show in figure 2-10, when we alter the global temperature from 260K to 270K, Ry;
increases immediately, closely follows the trend of the global temperature, and reaches to
a steady state at the same time when the global temperature is stable. The behavior
indicates a very small time constant for the thermal system which includes the thermal
couple at the back of the ceramic package and the measured sample. And therefore the
thermal resistance is minute [101], together with negligible thermal radiation, we are able
to reasonably assume that the temperature measured by the thermal diode is equal to the

temperature on the sample before applying the DC current for sample characterization.
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CHAPTER 3. Crystalline polyethylene (PE) nanofibers with the

theoretical limit of Young's modulus

3.1 Introduction

Low-density materials such as polymers usually have low stiffness and strength [102]. In
many fields, such as the electronics and space industries, lightweight materials with high
strength and stiffness are of great importance in order to enhance reliability and
portability. The search for these materials has led to the development of functional
polymers that have remarkable mechanical properties [15], [32], [33], [103]. Although
bulk polymers usually possess low strength and stiffness due to the entanglement of the
molecular chains, crystalline polymers with well-packed and aligned molecular chains
can theoretically provide a maximum stiffness that is controlled by covalent bond
distortions. Over the past few decades, significant efforts have been devoted to enhancing
the chain alignment (and thus the stiffness) through fabrication of polymer (e.g.,
polyethylene (PE)) fibers using methods such as solution/gel-based spinning [53], [62],
[104], [105], surface growth [48], [49], [51], [106], and electrospinning [55], [57]-[59],
[103]. Commercially-available oriented PE fibers, with diameters ranging from 10 to 30
um, currently achieve stiffness (i.e., Young's modulus) of ~150GPa at room temperature
[32], [47], and reported values in the literature are generally below 200GPa [15], [53],
[62], [105], [107], [108]. The values obtained from these conventional methods are two
orders of magnitude higher than the stiffness of bulk PE (~ 1GPa) [109]. Due to the

presence of defects such as voids and entanglements, however, the measured values for
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PE fibers still fall below the theoretical limit of a single PE molecule or PE single crystals,

which is predicted to be as large as 374GPa [110].

Extensive work has been done to measure or predict the maximum Young's modulus of
PE. In a PE crystal, interchain interactions have a negligible effect on axial stretching
because the axial modulus is much higher the radius modulus [111]. As such, the Young's
modulus of a PE crystal (i.e., the maximum Young's modulus of PE), can be obtained
with acceptable accuracy from the response of a single chain [112]. Interpretation of data
from Raman spectroscopy and neutron inelastic scattering experiments yielded Young’s
modulus values of 358GPa [113], and 329GPa [113], [114], respectively. The Young's
modulus was estimated from X-ray diffraction studies to be 283GPa [112]. At zero
temperature, ab initio calculations predicted a Young's modulus of 305+30GPa [112],
and 374.5GPa [110], while that from empirical quantum mechanical calculations was
reported to be 315~326GPa [112]. Overall, the predicted maximum Young's modulus of

PE spans a range of 280-380GPa.

The microstructure of oriented microfibers consists of amorphous regions and
nanocrystalline regions that are induced during the drawing process (also referred to as
“Shish-Kebab” structures) [115]. The flow induced shish-kebab structures have been
extensively reviewed [116]. Individual crystallites have been observed to be tens of
nanometers in lateral dimension [106], [117], [118]. In contrast with microfibers,
nanofibers have diameters comparable to the dimensions of the nanocrystallites and can
thereby be used to minimize the extent of amorphous regions. With identical lengths, the
volume of a nanofiber is at least two orders of magnitude smaller than that of a
microfiber. The growth of the amorphous regions of the nanofiber is greatly prohibited,
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thus a substantially lower concentration of defects will exist in a nanofiber than in a

microfiber.

In this project, we fabricate crystalline PE nanofibers by combining a traditional gel-
based spinning method with a tip-drawing technique [31]. We demonstrate, for the first
time, that the Young's modulus of PE nanofibers with diameters from 70nm to 260nm
can be as high as 312 +/-108GPa, within the range of the predictions of the theoretical
maximum. This value is comparable with the best Young's modulus of metal alloys, but
the density of the PE nanofibers is one order of magnitude smaller. Crystalline nanofibers,
which can potentially achieve the ultimate modulus of polymers, thus open up a new

route to manufacture light-weight and ultra-strong polymer fibers.

3.2 PE gel preparation and PE nanofiber fabrication

The detailed fabrication process has been presented in Section 1, Chapter 2. Briefly, we
first make PE gel by dissolving as-purchased PE power (ultrahigh molecular weight PE;
Alfa Aesar) in Decalin at 140°C. To avoid oxygen induced degradation of the PE
molecule, this gel preparation step is conducted in an argon-gas filled glove box. After
the PE gel cools down to room temperature, we start to fabricate the PE nanofiber by a
two-stage drawing process. In the first stage drawing, a glass tip with a diameter about 10
um is used to quickly pull a fiber from the PE gel which is heated at 120°C. The fiber
normally has a diameter about several micron meters and a length about hundreds of
micron meters. The fiber is further stretched in a heated air environment at 90~100°C.
And in this second drawing stage, the diameter of the fiber can be reduced to a several

hundred nanometers and sometime even below one hundred nanometers.
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During the drawing process, a mixed elongational and shear flow is observed [73], [119].
The pulling velocity is on the order of 50pm s™. The shear rate is estimated to be >1500
s™. The entire fabrication process is conducted under a dark-field stereo microscope and
takes 1~2 minutes. The uniformity of nanofibers can be improved by using a lower
pulling velocity. However, with the same shear duration, a higher pulling velocity

generally results in a larger shear rate and a smaller diameter of a nanofiber.
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Figure 3-1 (a) AFM image of a PE nanofiber fabricated through two-stage heating
process. (b) An AFM height curve corresponding to (a). The labeled height d is a
representation of the diameter of the PE nanofiber. The rough surface is a result of
reactive ion etching (RIE) of the silicon substrate during the trench fabrication. The scale

bar is 1um.

The topography of the PE nanofibers fabricated with the two-stage drawing technique is
characterized with an atomic force microscope (AFM) (Agilent 5500 SPM) as shown in
figure 3-1(a). It can be observed that the size of the PE nanofiber is rather uniform across
the AFM scanning range 10um by 10um. And there are no defects or contaminations

over the length of the PE nanofiber. It can be concluded that the two-stage drawing
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technique can reliably produce individual PE nanofibers with enough surface quality and
size uniformity for mechanical property characterization. Even though AFM is able to
yield very high spatial resolution, however as a result of profile broadening effect due to
the tip-sample [120] convolution, the lateral width of the PE nanofibers is significantly
larger than their real diameters. Figure 3-1(b) shows a height profile over a cross section
of the PE nanofiber in figure 3-1(a). The lateral width of the PE fiber is about 360nm,
which is much larger than the height d which is about 60nm. The elastic deformation of
the fibers is proven to be very small during Young's modulus measurements; therefore,
the height d of AFM profile is regarded as the true diameter of the PE nanofiber, the same

principle applies throughout this research.

3.3 Analysis and characterization of the crystal structure of PE

nanofibers

The states of the PE molecules at each fabrication step are shown in figure 3-1. In the
translucent gel (figure 3-1(a)) before the first stage heating, some PE molecular chains
are folded locally in the form of small crystallites, usually termed as "lamellae”, that are
tens of nanometers in height and several microns in length. While some other molecular
chains are randomly entangled and distributed in the gel, the "lamellae™ serve as common
joints for the entangled PE molecular chains. When the gel is heated above the PE
melting temperature (120°C) during the first stage heating, both lamellae and entangled
molecular chains are dissolved in the solvent, resulting in a uniformly clear solution that
contains only entangled PE chain networks swollen by the solvent (figure 3-1(b)). When

these PE molecular chains are stretched by the fine glass tip in the second stage heating,
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they solidify and align in a common direction (figure 3-1(c)) because the solvent

evaporates to the air.

(a) (b) (c)

Entangled
PE Chains

Figure 3-2 (a) Semi-crystalline PE gel with crystalline and amorphous regions. (b) PE
molecular chains dissolved in Decalin solvent. The PE chains are randomly entangled in

the solution. (c) Crystalline PE nanofiber with aligned chains.

Through the two drawing steps, the fiber diameter can be reduced from several microns
to less than 100nm. For instance, a 3 um thick fiber that is drawn into a nanofiber 80nm
in diameter has a draw ratio larger than 1400 (calculated by assuming volume
conservation and a cylindrical shape). The large draw ratio enables extreme extension
and alignment of the PE chains in the drawing direction due to a large shear rate [116]
between chains along the nanofiber. The diameters of the final PE fibers are a few
hundred nanometers (or even below 100 nm), which is comparable to the core sizes of
Shish-Kebab structures [118]. In this case, the platelet (i.e., the Kebab) growth is
significantly suppressed. The solidification of the PE nanofibers after the solvent
evaporation maintains the alignment and orientation of the PE molecules (figure 3-1(c)).

As a result, the number of defects and impurities is greatly reduced, compared with a
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microfiber, which leads to an extremely high crystallinity (>90%). The fabricated PE
nanofibers have diameters ranging from 70 to 500nm. An example of an 80.9nm diameter
nanofiber is shown in figure 3-2(a). The selected area electron diffraction (SAED) pattern
by transmission electron microscopy (TEM) in figure 3-2(b) shows the single-crystal
nature of the PE nanofibers, with the c-axis (molecular) aligned with the drawing
direction and the a-axis normal to the fiber axis. In comparison, the SAED patterns of
thick fibers otherwise don't produce clear diffraction spots, for example, the SEAD
pattern of a thick nanofiber (1050nm in diameter) is composed of unoriented rings of the

110 and 200 reflections from the orthorhombic PE crystals (figure 3-2(c,d)).
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Figure 3-3 (a) A PE nanofiber with a diameter of 80.9nm lying on a bare silicon

substrate. (b) TEM SAED pattern of the PE nanofiber in (a) which represents an
orthorhombic crystal structure of the nanofiber. (c) A thick PE microfiber with a diameter
of 1.05um. (d) A SAED pattern of the microfiber in (c) shows continuous rings. These
rings indicate a polycrystalline crystal structure of the thick PE microfiber. And the
polycrystalline crystal structure is due to the random orientation of the lamellae in the

thick PE microfiber.
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3.4 Young's modulus measurements by the force deflection

spectroscopy (FDS) method

A variety of techniques can be used to measure the Young's modulus. Tensile testing is
one of the most common methods for characterizing the Young's moduli of thick fibers
[121]-[123]. It is very challenging, however, to incorporate individual nanofibers with
micrometer or millimeter length scale into the testing systems. While nanoindentation
was used to measure the Young's moduli of a single silver nanowire [77], and ZnO
nanobelts [78], relatively flat samples are required in order to avoid slip and friction
between the indenter probe and the sample surface. Electromechanical resonance analysis
by TEM is another alternative for measuring the Young's modulus of nanofibers [56],
[76]. The drawback of this approach is that high-energy electron beams degrade
polymeric materials during long-time exposure. The force deflection spectroscopy (FDS)
technique has recently emerged as a reliable and flexible method for Young's modulus
characterization of various nanofilaments [80], [82], [124]-[126]. Compared with the
other characterization methods, the FDS technique has fewer requirements for nanoscale
samples such as dimensions and material types, and can be easily implemented by an
AFM. Here, we employ the FDS technique to measure the Young's moduli of PE
nanofibers. A detailed description of this method can also be found in Section 2, Chapter

2.

As shown in figure 3-3(a,b), a nanofiber is transferred to a 3mm by 3mm silicon substrate
patterned with trenches. The trenches are 500 nm in depth with widths ranging from 5 to

10um. They are fabricated on a 4-inch silicon wafer using photolithography and reactive
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ion etching. The silicon wafer is sliced into the aforementioned substrates (3>3mm?) so
that a typical nanofiber spans the width of the chip. Under a high precision microscope
(Nikon, Eclipse LV 100 DA-U), we use a tungsten tip (tip diameter ~1 um) to clamp both
ends of the nanofiber across the trenches with super glue (Gorilla Glue Inc., Precision

Glue Pen).
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Figure 3-4 (a) AFM image of a typical PE nanofiber suspended over a silicon trench. (b)
3D model of the experimental setup for the FDS technique. (c) FD curves (approach and
retraction) obtained on a silicon substrate and the middle point of a PE fiber over a

trench.

We probe and measure the deflection of the PE nanofiber with the AFM. The cantilevers
are standard silicon probes (Model: FMV; Bruker AFM Probes) with rectangular shapes.
The spring constant of each cantilever is calibrated using the in situ thermal noise method
based on the equipartition theorem [127]. In our experiments, the spring constant of the
cantilever must be larger than 1N/m in order to obtain a measurable nanofiber deflection
while keeping the bending of the cantilever in the linear region. By scanning the PE fiber
using the AFM, we can locate its middle point across the trench. We perform FDS at this
middle point to obtain force deflection (FD) curves. The FD curves show the relationship
between a force applied on the cantilever and the vertical displacement of the sample.
During the FDS test, the AFM scanner is able to move the tip to approach the sample and
retract it from the sample. In a typical FD curve, the force is plotted against deflection for
both approach and retraction. In figure 3-3(c), the approach and retraction curves overlap
well, which indicates that the nanofibers behave linearly with low applied forces (<

150nN).

The FD curve we obtain is a combination of the deflections of both the PE nanofiber
(diameter 102 nm, length 5um) and the AFM cantilever. In order to isolate the deflection
of the PE nanofiber, we also performed FDS measurement on a bare silicon surface to get

an FD curve for the cantilever itself. Two FD curves from experiments, i.e., one on a PE
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nanofiber and the other one on a silicon substrate, are shown in figure 3-3(c), including
both approach and retraction curves. When the AFM tip is brought to contact with the
rigid silicon substrate, only the AFM cantilever bends, and hence with the same applied
force F, the deflection AZs corresponding to the cantilever bending is smaller than the
combined deflection 4Z,. The difference between AZ, and AZs is the downward
deflection oof the PE nanofiber at its midpoint. By analyzing figure 3-3(c), we can

express o by the slopes of these two FD curves as:

§:AZp—AZS:i—i:FLS "J, (3.1)
k

k

p

where ks and k; are the slopes of the FD curves in figure 1-3(c) for a silicon substrate and
a PE nanofiber. When a homogeneous beam is fixed at both ends and a concentrated load

is applied at its center, the expected maximum deflection at the center is given by [80]:

3

FL
192E1

(3.2)

which is a solution of the Euler-Bernoulli beam equation provided that the longitudinal
length of the beam's neutral plane does not change during the bending. In Equation 3.2, F
is the concentrated central load, L is the length of the original beam, and | is the moment
of inertia of the beam. Combining Equations 3.1, 3.2, and substituting the moment of

inertia for a circular cross section, 1= (7d*)/64, the Young's modulus can be expressed as:

3 3
kskp L kskp L

E = = ,
k,—k, 1921 k -k, 3zd’

(3.3)

where d is the diameter of the nanofiber.
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In figure 3-3(c), under a load of 150nN at the middle point, the deflection of a PE
nanofiber with a diameter of 102nm is 51nm after subtracting the cantilever deformation
from the combined deflection. We limit the deflections of the PE nanofibers to their
diameters to: (1) Ensure that the Euler-Bernoulli beam theory is valid for our
measurements, and (2) Avoid damage and breakage of both the AFM cantilever and the
PE nanofiber. From figure 1-3(c), we can also observe that in this small deflection range,
the deflections of the cantilever and the PE nanofiber are both in a linear region,
indicating that the deformations are elastic. Within the limited range of force and
deflection, we also perform FDS tests on nanofibers placed directly on the substrate. The
slopes of the FD curves are nearly identical to those obtained from bare silicon substrates.
This result confirms that the tip indentation into the nanofiber and deformation of the

nanofiber cross section are both negligible.

3.4.1 Verification of the FDS technique with polymethyl methacrylate (PMMA)

fibers

In order to demonstrate the validity of our experimental setup for the FDS technique, we
performed FDS on PMMA nanofibers as well. Figure 3-4(a) shows an AFM image of a
PMMA fiber suspended over the trench. For a typical PMMA fiber with a diameter of
402nm, we measure a Young's modulus of 2.1GPa. The FD curves of this fiber are shown
in figure 3-4(b). In Table 3-1, we summarized the data obtained for two PMMA fibers.
Here, d is the diameter of the PMMA obtained by AFM scanning, L is the fiber length
suspended over the trench, ks and ks are the slopes obtained from the FD curves on silicon
and on the middle point of the fiber. The Young's moduli (E) we obtained for these

PMMA fibers are close to the range 2.5~3.1GPa reported by previous research [128].
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Figure 3-5 (a) A typical PMMA fiber suspended over a silicon trench. (b) FD curves

obtained on a silicon substrate and the middle point of a PMMA fiber over a trench.

Table 3-1 FDS performed on PMMA fibers

d (nm) | L (M) | ks (NN/m) | ks (nN/m) | E (GPa)

Fiber 1 | 402 4.5 3250 2050 2.1

Fiber 2 | 544 4.2 2658 1797 1.06
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3.4.2 Finite element analysis of the FDS measurement on the PE nanofibers

When applying Equation 3.3, the Euler-Bernoulli beam theory assumes that the PE
nanofiber is an isotropic material. For nanofibers, however, the axial Young's modulus is
much higher than the radial one because the carbon covalent bond along the PE chain is
much stronger than chain-chain van der Waals' interactions. Therefore, in order to
identify the impact of the anisotropicity of the nanofiber on our FDS measurements, we
also performed finite element analysis (FEA) for a nanofiber with the same dimensions

(diameter 102 nm, length 5um) as the sample that yielded the FDS curves in figure 3-3(c).

In terms of the orthorhombic PE crystal structure (figure 3-5(a)), we assume that the fiber
has an axial (z direction) Young's modulus of 343GPa (obtained from figure 3-3(c)) and
that the Young’s moduli in x and y directions are 9GPa and 9.5GPa, as obtained from
theoretical predictions [14], [111], [129]. And table 3-2 shows the 9 independent elastic
constants for an orthorhombic crystal structure, these elastic constants are in Voigt
notation and used in our FEA simulation. For an anisotropic PE fiber with a center load
of 150nN (figure 3-5(b)), the maximum deflection of the middle point is 62nm, as shown
in the FEA simulation result (figure 3-5(b)). It is worth to note that the elastic constants
in the elasticity matrix vary in a large range reported from different groups [14], [111],
[129], especially for a PE nanofiber, there is still a lack of precise models. However, the
deflections are not very sensitive to Ci1, C12, C13, C22, C23 according to the FEA simulations.
Ca4, Css, Ces dO affect the results in a small scale, and if they are bigger than 20GPa, the

deflections results become bigger and approach to the results from the isotropic model.
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Table 3-2 Elasticity Matrix (in GPa) for the material property used in FEA model

9 5.2 5 0 0 0
5.2 9.5 6 0 0 0
5 6 343 0 0 0
0 0 0 10 0 0
0 0 0 0 10 0
0 0 0 0 0 10

For an isotropic PE fiber with the same dimensions, the maximum deflection from the
FEA simulation is 54.2nm (figure 3-5(c)), which agrees well with the analytical solution
(54.1 nm) and the experimental result shown in figure 1-3(c). And in the simulation, we
apply a Poission's ratio of 0.09 [14]. We note that the anisotropic model gives a
deflection 10% higher than the isotropic model and the analytical solution. This result is
consistent with another set of FEA simulations for a load of 200nm on the same
nanofiber. Since the anisotropic model yields a larger deflection, the derivation in our
experiment will gives a lower Young's modulus, which indicates that the real axial
Young's modulus of the PE fiber is slightly higher (12% in this case) than our
experimentally derived results. For the reported results, we will extract the Young's
modulus using the isotropic model rather than FEA because the isotropic model is much

simpler and the moduli in the x and y are difficult to measure experimentally.
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Figure 3-6 (a) Orthorhombic crystal structure of PE. FEA simulations on a PE fiber
102nm in diameter, assuming the fiber is (b) anisotropic and (c) isotropic. The color bar

represents the deflection of the fiber in meters.

3.5 Results and discussion

3.5.1 The Young's modulus of PE nanofibers calculated according to the FDS

technique

Before calculating the Young's modulus, the clamping conditions of the nanofiber at the
edges of the trench should be carefully examined because they determine if equation 3.3
is applicable. In our experiments, each FDS test is performed at least five times on the
silicon substrate and the PE nanofiber for each sample. For our samples, the slopes of the
resulting FD curves on a nanofiber deviate randomly in a very small range (#3~4%). This
small deviation confirms that the nanofibers are tightly fixed at both ends and that they

don't slide, lift off from the substrate, or plastically deform. Therefore, the adhesion from
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the glue and the Van der Waals force between the PE nanofiber and the silicon substrate
validate the fixed ends approximation made in equation 3.2. In addition, as mentioned in
previous reports, the ratio between the suspended length of the nanofiber and its outer
diameter should be at least 16 in order to eliminate the shear deformation of the
nanofibers during the FDS test [124]. In our experiments, this ratio is larger than 40 for
all measured samples. We can thus properly assume that there exist only elastic tensile

and compressive deformations.

Young's moduli have been calculated and are plotted in figure 3-6 for 47 PE samples with
diameters from 70nm to 260nm. The average Young's modulus is 312GPa with a
standard deviation of 108GPa. This result is significantly higher than the previous
experiment results, which all fall below 200GPa [15], [107], [108]. We attribute the
exceptionally high Young's modulus to the nearly 100% crystallinity created by the ultra-
high drawing process, as shown in figure 3-2(b). Besides the high Young's modulus, we
notice that there is a large variation among the measurements. Even at a large draw ratio
or shear rate, however, some of the folded or entangled chains cannot be completely
eliminated and thus remain in the fiber as defects. Those defects can significantly reduce
the Young's modulus of nanofibers. Hence, some nanofibers have a smaller Young's
modulus around 200GPa. We believe that there are two potential causes: real variation of
different PE nanofibers and the experimental uncertainty. During the fabrication process,
when the diameter of the PE fibers reaches nanometer scale, especially for the fibers
below 100nm, it is very difficult to precisely control the quality of each nanofiber due to
the variation of local temperature, shear force, and evaporation rate of solvent. These

parameters are crucial for the formation of the crystallized nanofibers and lead to the
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variation of Young's modulus between the samples with the same fiber diameter,

especially in the nanometer level.
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Figure 3-7 Young's moduli measured for PE nanofibers ranging from 70nm to 260nm in
diameter. The average measured Young's modulus indicated by the dash line is

312GPa+108GPa.

3.5.2 Size effect of the Young's modulus

A size effect has been reported regarding Young's moduli of electro-spun polymer fibers
[130]-[132]. When the diameter of fibers decreases, the Young's modus is higher. In our
experimental results, we don't observe a clear correlation between the diameter of PE
nanofibers and the Young's modulus. This is probably caused by the quality of the
nanofibers fabricated with different techniques. With electro-spun technique, a large

amount of amorphous regions still exist after the fast spinning process, resulting a
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crystallinity lower than 80% [59]. However the crystallinity of our nanofibers is close to
100% so that there isn't much room for the surface effects or supramolecular structure

[132] to come into play.

3.5.3 Uncertainty analysis

The total uncertainty in the measurements is a composition of multiple uncertainties

propagating throughout the experiment. The general formulation for E is:

k. k L®
E=—2F - (3.4)
k, -k, 3zd
k k
Let K = ﬁ and from uncertainty propagation rules, the total uncertainty in E is:
(6EN (oK) (_sLY ( sd)
— = — | +|3— | 44—, (3.5)
e ) T ) U

where the uncertainty of the nanofiber length is less than 4% after sensitivity calibration
of the AFM. The diameter of the fibers is measured at multiple locations along the fiber
axial direction. The uncertainty of the diameter is less than 8% accounting for the AFM
cantilever sensitivity in the vertical direction and the possible contamination on the
nanofiber. Therefore, to completely determine the total uncertainty, the uncertainty of K

has to be derived.

Based on uncertainty propagation rules,

83



k) : ’ (36)

where k, and ks are in nN/m. These two slopes are directly measured in our experiments
with a dimension of V/nm. Therefore, we transfer the dimensions of these two slopes

using the following equations,

ks = ksvSkfc’ (37)
k, =k, sk, (3.8)

where ksy and kp, are slopes in V/nm, s is the deflection sensitivity of the cantilever when
it touches on a bare silicon surface, it is also called photodiode sensitivity elsewhere
[133], and k¢ is the force constant of the cantilever. In our experiments, by performing
FDS on the silicon surface and the nanofiber for at least five times separately, the
uncertainties of ks, and ky, are 1.5% and 3.74%. Through multiple deflection tests, the
uncertainty of s is obtained to be less than 1.5%. The uncertainty of the force constant ki

IS 5% [134]. Therefore,

2

(k) (6k,) ) . ’ .
| | = | +L—J +L J =0.015" +0.015" +0.05" = 0.003, (3.9
Lke ) Uky ) s k

and

2 2 2

Lk p} _{ , J +L?J { 5 J =0.0374° +0.015° + 0.1° = 0.0041. (3.10)
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For a typical measurement, ks =2340nN/m and k,=1288nN/m, and combined with

equation (3.9) and equation (3.10), we have:

(D)’ 2340°(0.0041)" +1288°(0.003)’ ~0.0248 (3.11)
Y (2340 - 1288)° o '
substituting equation (3.11) in equation (3.7), we have:
ok _ \/0.0248 +(3%0.04) +(4%0.08)" =0.376 = 37.6% . (3.12)

E

As demonstrated in the uncertainty analysis above, in the FDS method, the measured
Young's modulus depends on the characterizations of the PE fiber sizes and AFM
cantilever spring constants, which are the dominant sources of errors. The suspended
length can be precisely measured by AFM to be within 5% uncertainty. Given that the
nanofiber diameter appears to the fourth power in equation 3.3, a ~ 8% uncertainty is
expected when the diameters are below 100nm. Accounting for uncertainties in the
cantilever and nanofiber dimensions, together with the photodiode sensitivity, the
maximum relative error in the nanofiber modulus is estimated to be less than 40% as
shown in the equation 3.12. Our experimental uncertainties are consistent with previous

measurements based on FDS [81].

3.6 Conclusion

In conclusion, our experimental results demonstrate a practical method to achieve the
ultimate Young's modulus of polymers using nanofibers. With the ultra-drawing
technique, we have obtained PE nanofibers with diameters in a range of 70 to 260nm.

The PE nanofibers in our experiments possess extremely high crystallinity (i.e., a lower
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concentration of defects), which leads to the enhanced Young's modulus. The high
Young's modulus of 312GPa of the PE nanofibers can significantly expand the use of PE
in various applications which require high strength but low density (below 1000kg/m?3).
Our fabrication method and mechanical characterization technique may be extended to
other polymeric materials, such as PMMA, polyacrylonitrile (PAN), and thus pave the

way to understand and harness the high strength of polymers.
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CHAPTER 4. Tunable thermal transport in Polysilsesquioxane

(PSQ) hybrid crystals

4.1 Introduction

Advances in polymer sciences have enabled large-scale synthesis of low-cost polymers
with a broad range of properties, leading to various applications ranging from the
vulcanized rubber used in the tires of cars to synthetic fibers for creating many common
textiles. Bulk polymers are usually in an amorphous form due to the entanglement of
polymer molecules, and weak van de Waals bonds between polymer molecules dominate
their thermal transport properties. As a result, polymers are generally regarded as thermal
insulators with thermal conductivity on the order of 0.1W/mK at room temperature [135].
Most attempts for improving polymer thermal conductivity have been focused on
fabricating composite materials, in which high thermal conductivity additives, such as
metallic nanoparticles [136], [137] and carbon nanotubes[138], [139], are embedded in
polymer matrices. However, the thermal conductivity enhancement of polymer
composites is generally limited to within one order of magnitude, significantly below the
prediction from the engineering rule of mixing based on effective medium rationale. This
discrepancy is attributed to high interfacial thermal resistance between the additives and

the polymer matrix.

In contrast with bulk polymers, recent theoretical work suggests that individual polymer
molecules, e.g., polyethylene (PE) molecules, are predicted have extremely high thermal
conductivity (e.g., ~350W/m K for long PE molecules) because of the strong covalent

bonds in molecules [26]. To harness the intrinsic high thermal conductivity of individual
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molecules, the molecules in a polymer need to be aligned like a single crystal. The
alignment of polymer molecules can be increased by mechanically stretching bulk
samples into fibers or thin films [47], [52], [62], [140]. For example, highly stretched
crystalline PE nanofibers were demonstrated to have a high thermal conductivity of ~
100W/m K [31]. Due to the chain-chain van der Waals' interaction induced phonon-
phonon scattering within each chain, the thermal conductivity of the PE fibers is lower
than the theoretically predicted thermal conductivity (~350W/mK) [26] of a single PE
chain. Nevertheless, it is technically difficult to employ conventional low-cost chemical
methods to synthesize polymer crystals with aligned molecular chains. Whereas,
hydrogen bond based polymer crystals can be chemically synthesized in a large scale and
potentially have a thermal conductivity higher than that of bulk polymers. In terms of
bond strength, hydrogen bonds have a bond strength (<5kcal/mol) that lies in between
van der Waals bonds (bond strength ~1kcal/mol) and covalent bonds (bond strength on
the order of 100kcal/mol) [37], [41], [42]. In this chapter, we report the thermal transport
measurements and modeling of aligned chains of hydrogen bond based
polysilsesquioxane (PSQ) hybrid crystals. We also demonstrate their tunable thermal

conductivity by varying the length of alkyl chains.

4.2 PSQ synthesis and characterization

Organic-inorganic hybrid materials [141] have attracted significant interest over the past
decades because of their composited tailored properties from both organic and inorganic
components [142]-[144]. As one type of hybrid polymers, the PSQ hybrid crystals are
synthesized by bridging two Si atoms with organic groups. More importantly, it allows

sufficient design flexibility to molecular bonding and alignment across intermolecular
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connections. The PSQ hybrid crystals studied in this work are prepared from two
precursors with hexylene- and octylene-bridged groups. As shown in figure 4-1(a,b)
hexylene- and octylene-bridged crystals are composed of 18- and 22-membered
bimolecular rings as repeating units, respectively. Three-dimensional molecular
crystalline structures are formed by linking the rings with hydrogen bonds between
silanol groups (Si-O-H) and weak van der Waal's interactions between alkyl chains. In a
typical synthesis of crystalline PSQ (figure 4-1(c,d) ) bis-(triethoxysilyl)octane (BTO) or
bis-(trimethoxysilyl) hexane (BTH) is dissolved in Tetrahydrofuran (THF) under nitrogen
and the mixture is cooled down to 5 <C. Then, hydrochloric (HCI) acid is added to this
solution, allowing hydrolysis of the precursor. The resultant mixture is stirred for 1 hour
and kept static for 1 day at the same temperature. Finally, the white product is filtered,
washed with ethanol and dried in air. To synthesize amorphous PSQ as a comparison
(figure 4-1(e,f)), BTO or BTH was added to a solution of THF and HCI under nitrogen.

The mixture was stirred for 1 hour and stood for 1 day.
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Figure 4-1 2D projection graphs of repeating units of (a) octylene-bridged and (b)
hexylene-bridged PSQ fibers. Dark field optical images of PSQ products, Octylene-
bridged PSQ microbeam (c) crystalline; (e) Amorphous. Hexylene -bridged PSQ

microbeam (d) crystalline; (f) Amorphous.
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The morphologies of PSQ hybrid crystals are characterized by a standard dark field
optical microscopy with 50x objective (NA=0.65), as shown in figure 4-1(c,d). In
comparison with their amorphous counterparts (figure 4-1(e,f)), octylene-bridged and
hexylene-bridged PSQ crystalline beams have clearly defined geometries and small
surface roughness. The typical dimensions are 1~2um in thickness and 2um in width.
Figure 4-2(a) shows the infrared spectroscopy of octylene-bridged PSQ crystals, the
broadband peak around 3250cm™ is assigned to the stretching vibration of silanol groups,
which indicate that the hydrogen bonded silanol groups restrict the bonding directions
[21]. In the amorphous polymer, this broad peak shifts to 3500cm™ indicating more
isolated silanol groups, which render free three-dimensional cross-link amorphous and
less dense structure because the degree of condensation is directly related to the number
of residual silanol groups [144]. The bands centered at 2920 and 2854cm™ correspond to
the symmetric and anti-symmetric stretching vibration modes, respectively, of the C-H in
the methylene unit. The narrow bands in the beam (FWHM=22 and 13) compared to
those in the amorphous structure (FWHM=43 and 26) indicates the high crystallinity of
the internal structure of beams, which is consistent with the observation of in the
crystalline alkylsiloxanes [145]. The peak at 1464 cm™ corresponds to a CH, scissoring
deformation mode, and a singlet at 906cm™ is assigned to the Si-OH stretching mode.
Several bands observed between 1165 and 1385cm™ are attributed to coupled CH, wag
modes. All these modes in the beam structure are significantly narrower than that of the
amorphous structure, which again confirms its high crystallinity. To quantitatively
characterize the crystallinity of the PSQ beams, we conduct powder X-ray diffraction

(XRD) analysis. Both hexylene-bridged and octylene-bridged PSQ crystals have similarly
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high crystallinity. For example, the crystallinity from the XRD pattern (figure 4-2(b)) is

estimated to be ~ 90 % for octylene-bridged PSQ crystals.
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Figure 4-2 (a) Fourier transform infrared spectroscopy (FTIR) spectra of crystalline and

amorphous bridged PSQ. (b) Powder X-ray diffraction pattern of octylene-bridged PSQ

fibers.
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4.3 Thermal characterization with suspended micro thermal device

A variety of methods, such as 3w method [89], [92], [146], Raman spectroscopy [147]-
[149], and cantilever techniques [31], [150], have been used to characterize the thermal
properties of materials in micro/nano scale. However, for 3w method, usually a mirror-
like surface of the sample is required for fabricating a metallic thin heater line and
connecting pads, and the thermal model which the method is based on needs a relatively
thick sample substrate to satisfy the semi-infinite assumption. While for Raman
spectroscopy, a two dimensional thin film is used to cover a channel/hole structure on a
substrate, Raman excitation laser incidents on the suspended thin film to raise the
temperature. Therefore, this method requires a relative lager area than the laser spot size
in order to fit its one dimensional heat transfer model. In the cantilever technique, lasers
are used to heat the cantilever and one end of the sample. Due to the laser heating, the
cantilever subjects to mechanical deflection which can be detected by a photosensitive
detector. The entire system is similar to a modified atomic force microscopy (AFM)

system, which is often expensive and requires delicate calibration.

In our experiment, because PSQ crystals are in rectangular beam shapes, the thickness is
only around 1um, and the width is about several micrometers. It is impossible to go
through a conventional photolithography process for a 3w testing device. At the same
time, the beam shape excludes the implement of the Raman spectroscopy due to its
mismatch on the heat transfer model. The cantilever method seems feasible; however, the
long experiment setup and calibration process hinders an immediate application.

Consequently, we choose the suspended micro thermal device to characterize the thermal
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properties [151], [152], due to its very high accuracy and reliability, even though rather

time consuming device fabrication and sample manipulation processes are involved.

4.3.1 Experiment setup and measurement scheme

The thermal device with a PSQ beam assembled is illustrated in figure 4-3. The detailed
description of the measurement scheme is mentioned in Chapter 2, Section 3. Briefly, the
device has two suspended SiNx islands fabricated with low pressure chemical vapor
deposition and conventional photolithography. On the top of the SiNx islands, a 30nm
thick platinum (Pt) layer is sputtered and patterned to thin serpentine coils. The patterned
Pt coil functions respectively as a heater and thermometer for the heating island and a
thermometer for the sensing island, while they are isothermal. And a PSQ beam is placed
on these two islands to transport heat from the hot island to the cold island. At a global
temperature Ty, a temperature difference AT can be established between the heating and
sensing islands by applying a DC current to the heating island. This temperature
difference is obtained by measuring the electrical resistances and the temperature
coefficients of resistance (TCR) of both islands. With the knowledge of the temperature
difference AT, the heat flux Qs across the PSQ beams, and the beam length L and cross
section area A, and by solving the steady state heat transfer equations, the thermal

conductivity of the PSQ beams can be calculated as [153]:

osts o % s (4.1)

and Gg is the thermal conductance of the crystal beam.
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We conduct the measurement at a range of global temperature Tys from 20K to 320K,
which can be precisely controlled via an external PID temperature controller. And the
measurements are conducted with the device placed in a cryostat maintained at a vacuum
level below 110" Torr, for which, we are able to ignore the effect of parasitic heat loss

through thermal radiation and residual air molecules.

Figure 4-3 Optical image of a PSQ crystal fiber placed on a suspended micro device with

built-in platinum resistance thermometers. The scale bar is 2mm.

4.3.2 Precision placement of PSQ beam onto the thermal device

There are a number of methods developed by previous researchers to precisely place
nanowires, nanobelts and nanotubes onto the micro fabricated thermal devices. For
example, a spin-on method is used to place Si nanowires, SnO, nanobelts and other
nanofilaments on the devices [151]. In this approach, the nanofilaments are first dispersed
in isoproponal using sonication. A drop of the solution is then casted on the thermal

devices. When the solvent finally dries, there are by chance some nanofilaments bridging
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the suspended islands due to the surface tension of the solvent during the evaporation.
Another method is based on the spin-on method and chemical vapor deposition (CVD).
As the spin-on method, a drop of solution containing catalyst nanoparticles, such as Fe,
Mo and Al,O3 nanoparticles, is placed on the devices. The nanoparticles then distribute
on the Pt pads on the two islands and serve as nucleate sites for the growth of
nanofilaments such as single walled carbon nanotubes (SWCNTSs) [40]. Due to the high
temperature ~ 900°C growth condition during CVD, the annealing effect usually leads to

a very good thermal contact conductance.

Even though the spin-on method and the CVD growth method have a good yield of
successful nanofilaments placement, yet, they both rely on sample dispersion in a solvent
with sonication, particularly for the CVD growth method, a high temperature condition
has to be applied. These two requirements, the dispersion of the nanofilaments and high
annealing temperature forbid us to employ the aforementioned techniques for our PSQ
crystals. There are two reasons, first, our PSQ crystals are organic-inorganic polymers,
and most of solvents dissolve and therefore destroy them. Even with water used as
solvent, PSQ crystals in micro beam forms tend to coagulate due to their low Zeta
potential which stands for the electrokinetic potential in colloidal dispersions. This
coagulate phenomenon can be easily observed once the PSQ crystals touch the water. As
mentioned above, sonication is used to assist the dispersion of the nanofilaments in the
liquids, however, due to the low Young's modulus of the polymeric materials, the PSQ
crystals are easily broken to pieces once the sonication is applied. As a result of the low
melting temperature <400°C and the synthesis method, apparently, the CVD high

temperature growth method is excluded for our research.
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Considering the impractical aspects of the spin-on and CVD growth methods, we adopt
the tip manipulation method to precisely place the PSQ crystal beams on the thermal
devices. With this method, people have attached individual multi-walled carbon
nanotubes (MWCNT) on a AFM tip and placed the MWCNT on the thermal device for
thermal transport measurements [6], [154]. In our research, the PSQ crystal beams are
much larger than the MWCNT. We use a tungsten tip with bigger tip diameter ~1um to
place the PSQ crystal beams onto the thermal device. And the tungsten tip is connected to

a high precision motorized micromanipulator.
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Figure 4-4 (a) A SEM image PSQ cluster after a sol-gel process. Water produced during
the condensation pulls the PSQ crystal beams together due to a strong surface tension. (b)

PSQ crystal beams separated by sliding a glass substrate on top of the PSQ cluster.

Due to a sol-gel process for the synthesis of the PSQ beams, water is formed during the
one-step condensation of two hydrolyzed monomers [21]. As a result, the PSQ crystals

are usually clustered together as shown in figure 4-4(a). Therefore, before we perform the
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tip manipulation, The PSQ cluster must be separated, so that we can manipulate a single
PSQ beam. To separate the PSQ cluster, we first put a PSQ cluster about 1~2mm in
diameter on a glass slide and then use another slide to rub against the PSQ cluster. We
have tried several substrates for the separation of the PSQ cluster, for example metals
(aluminum foil and gold coated silicon substrate), polydimethylsiloxane (PDMS), a bare
silicon substrate, a silicon substrate with 95nm thermally grown silicon dioxide and the
glass slide. We find the silicon substrate with silicon dioxide and the glass slide has a
better separation than the other substrates. The separated PSQ beams are shown in figure
4-4(b). This is because of water induced surface tension between smooth PSQ crystal
surfaces and silicon dioxide, and hydrogen bonding formed at the interface due to highly

electronegative atoms within the hydroxyl groups on the glass substrate [155].

Even though the strong adhesion force enables the isolation of the PSQ crystals, however,
this imposes a further difficulty on lifting the individual PSQ crystal from the glass
substrate. Therefore, after the separation step, we conduct an annealing process at a
temperature about 50~60°C in 10 minutes. The temperature is well below the glass
transition temperature of the PSQ crystal which is around 300~400°C. The purpose of
this annealing process is to remove the water residual, and consequently reduce the
surface tension. Furthermore, the raised temperature condition induces a small thermal
expansion mismatch between the PSQ beam and the glass substrate, which further breaks
the hydrogen bonds at the interface. After the annealing process, the PSQ beams can be
easily picked up by the tungsten tip due to the van der Waals force. In order to have a
good mechanical adhesion and a good thermal contact performance between the Pt pads

and the PSQ beams, we first use the tungsten tip to apply a thin layer of silver epoxy on
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the Pt pads, and then place the PSQ beam on the thermal device. After about 5 minutes
curing time, the PSQ beam is strongly adhered to the thermal device for further thermal

characterization.

4.3.3 Thermal conductivity measurement results and discussion

As reported elsewhere [156], the background heat transfer between the heating and
sensing islands introduces errors and result in an overestimate of the thermal conductance
of the PSQ beam. Inspired by previous works, we conduct a control experiment with an
empty device under the same measurement conditions as we measure the PSQ beams.
However, no noticeable signals are observed from the sensing island. This can be
attributed to two reasons: 1) the super high vacuum assures an extremely low
concentration of residual gas molecules. 2) The devices used in these measurements have
rather large separation gap between the two islands which is at least 15um. As we know
the view factor of thermal radiation is inversely proportional to the squared distance
between the two objects, therefore, the thermal radiation across the two islands is

negligible, especially compared with a typical thermal conductance of 3.5x10*W/K at

room temperature. We also consider the heat loss on PSQ beam due to thermal radiation
to the surrounding. If we ignore the thermal radiation from the surface of the PSQ beam,

a relative error below is introduced in the thermal conductivity calculation [157]:

A =mL_coth(mL_)-1, 4.2)

m = \/BEO'ThSB(W +t)/kwt

where , €, T and K. are emissivity of the PSQ beam, the

Stefan-Boltzmann constant, global temperature, and thermal conductivity of the PSQ
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beam, and w and t are the width and thickness of the PSQ beam. For a typical PSQ beam

measure in our experiment, w=2.8um, t=1.04um, Ls=16um, and let € =0.3, the relative

error A for ignoring the thermal radiation loss is found to be as small as 0.1%.

Consideration of the thermal contact resistance is of great importance in order to
determine the PSQ thermal conductivity accurately. The total thermal resistance Ry, the
sample thermal resistance Rs, and the thermal contact resistance R, satisfy the following

equation:

R =R +R = — 41—~ (4.3)

whereR_ is interface thermal resistance per unit area, and A is the contact area between
the PSQ crystal beam and the Pt pads on both islands. To evaluate the thermal contact
resistance, we plot the measured total thermal resistance Ry versus Ls/Acr of 5 different
samples at global temperatures Tps=50K and 300K as shown in figure 4-5(a). At each
temperature Ry is in linear relationship with Lg/Ac, and the extrapolations of the fitted
lines are -0.321x10'K/W and -0.89>10'K/W, which are negligible compared to Ry
Therefore, the thermal contact resistance (R;) between PSQ crystal beams and the Pt Pads

can be ignored. Equation 4.3 can be reduced tor,_ ~ R,, which can then be used to

extract the thermal conductivity measurement of the PSQ beams.
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Figure 4-5 (a) The total thermal resistance measured versus Ls/Ac in 5 samples at 50K
and 300K. (b) Thermal conductivity of both type PSQ fibers at temperatures from 10K to

320K.

Figure 4-5(b) shows the typical thermal conductivities of octylene-bridged and hexylene-
bridged PSQ beams in the temperature range from 10K to 320K. The thermal

conductivity of octylene-bridged PSQ beams is generally larger than that of hexylene-
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bridged PSQ beams, which can be explained by a lower concentration of hydrogen bonds
due to a longer octane chain in octylene-bridged PSQ microbeams. The thermal transport
in both octylene-bridged and hexylene-bridged PSQ beams clearly exhibits crystal like
behaviors. At the temperatures larger than 150K, the measured thermal conductivities
decrease with increasing temperature. This is a signature of the anharmonic Umklapp
scattering of phonons in crystals at high temperatures. The temperature dependent
thermal conductivity of common high-purity crystals, such as, Si [158] and GaAs [159],
generally follows the power law T ™ due to the increase in phonon density. However, for
both octylene-bridged and hexylene-bridged PSQ crystals, the thermal conductivity is

proportional to T *° at temperatures larger than 250 K.

4.4 Non-equilibrium molecular dynamics simulations of PSQ thermal

conductivities

To understand the thermal transport in PSQ hybrid crystals, we conduct Non-equilibrium
molecular dynamics (NEMD) simulations [29], [160]-[163] to calculate the thermal
conductivities of octylene-bridged and hexylene-bridged PSQ beams. The repeating units
of both octylene-bridged and hexylene-bridged PSQ beams are first constructed and put
in an orthogonal unit cell with periodic boundary conditions in all directions (Table 4-1).
Condensed-phase  Optimized Molecular Potentials for Atomistic Simulation
Studies(COMPASS) exported from Material Studio 6 are used to model the molecules
[164]. The molecular structures and the unit cells are optimized using multiple algorithms,
including Steepest Descent, Conjugate Gradient, and Newton minimization (Smart

Minimizer, Discover module of Material Studio 6, Accelrys Inc.). With the minimized
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structures and unit cells, simulation supercells are obtained by duplicating the unit cell

along all three lattice vectors.

Table 4-1 Initial structure and optimized structure for C6 and C8

PSQ-C6 PSQ-C8

Initial
Unit Cell

Optimized
Unit Cell

Constructed
Super Cell

@®:2-0Ab=0B,c=0C

@ a=/BOC, B =<£COA,y=2A0B
Figure 4-6 shows a representative setup and temperature profile of NEMD. In these
simulations, a temperature gradient is created and maintained by using Langevin
thermostats controlling the temperatures of the two ends of the simulation domain (figure
4-6). The temperatures of the heat sink and heat source regions are set to 15K lower and
higher than the average system temperature, respectively. After steady state is reached,
temperature gradient (dT/dx) is obtained by fitting the linear portion of the temperature
profile, and heat flux can be calculated using ] = dQ/dt/S, where dQ/dt is the average

energy change rates of the two Langevin thermostats, and S is the cross sectional area.
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The thermal conductivity is then calculated by Fourier’s law, k = —]/(dT/dx). For each
simulation, four thermal conductivity values are calculated for different time blocks in
the steady state, and the final value is the average of them with the error bar being the

standard deviation.
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Figure 4-6 A Representative NEMD Setup for Thermal Conductivity Calculation

The PSQ beams are first relaxed at 300K and 1 atmosphere pressure for 1ns in the
constant temperature and constant pressure (NPT) ensemble. We then fix the volume and
run the simulations in the constant number of atoms, volume and energy ensemble (NVE)
to calculate the thermal conductivities using NEMD. Thermal conductivity of three

different types of PSQ beams is calculated at 300K, and they are tabulated in Table 4-2.
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Table 4-2 Thermal conductivity of PSQ beams with different molecular backbone lengths

at 300K
Beam type Thermal conductivity (W/mK)
PSQ-C8 1.39 +0.09
PSQ-C6 1.21 +0.03
PSQ-C4 0.31+0.04

It is known that thermal transport within one molecule is very efficient due to the well-
ordered atomic structure and strong covalent bonds [165]-[167]. The thermal transport
from one molecule to another in the along-beam direction relies on hydrogen bonds.
These hydrogen bonds are much weaker than the intrachain covalent bonds, and thus the
interfaces work as a bottleneck for thermal transport along the beam. When beams are
formed by longer molecules aligning head to tail, the interface density decreases, and
thus the effective thermal conductivity of the beam will be higher than that of beam

formed by shorter molecules.

Due to the periodic arrangement of the molecular chains in the chain length direction, the
formation of phonons that has coherent length longer than the length of a molecule may
happen. These phonons see the beams as homogenous materials and can travel distances
much longer than the length of one molecule. Such a phenomenon is similar to that seen
in superlattices [168]. To show that such phonons can exist in the PSQ beams due to the

periodic structure in the beam, PSQ-C6 beams are simulated with different supercell
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lengths (figure 4-7(a)). The increasing trend of the thermal conductivity with respect to
the beam length shows that thermal conductivity is influenced by the classical size effect:
the mean free paths of phonons are limited by the length of the sample. Such an
increasing trend is only possible when the system contains phonons with mean free paths
larger than the sample length. This means that not all phonons are scattered at the
hydrogen interfaces but some of them can travel for much longer distances. These
phonons will mainly subject to anharmonic scattering. As the system temperature
increase, anharmonic scattering will lower the thermal conductivity (figure 4-7(b)). This

should lead to a 1/T relation in the thermal conductivity.

However, there are still some short wavelength phonon modes that are scattered at the
hydrogen interfaces. It is known that the interfacial thermal transport can be enhanced at
higher temperatures due to more anharmonic transport channels being excited [169], this
is especially true for our case in which the interfaces are connected by relative weak
hydrogen bonds which are much more anharmonic than stronger covalent bonds. The
above-mentioned two competing effects (i.e., anharmonic phonon scattering and
interfacial anharmonic coupling effects) are probably responsible to the experimentally
observed T ° relation at high temperatures (figure 4-7(c)). It is worth noting that the
MD simulation results do not follow the T °° over the whole temperature range. This
may attribute to the accuracy of potential used and the error in the thermal conductivity
data. Nevertheless, MD simulations qualitatively predict the decreasing trend of thermal

conductivity and the data from 250 to 350K agrees reasonable with the T .
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Figure 4-7 (a) Thermal conductivity of PSQ-C6 as a function of the beam Length. (b)

Thermal conductivity of PSQ-C6 from 200K to 400K. (c) Measured thermal

conductivities of PSQ-C6 and PSQ-C8 in the temperature range from 250K to 310K.

4.5 Conclusion

In summary, a so-gel process with two precursors is adopted to produce the octylene- and

hexylene bridged PSQ crystalline beams. Both the infrared spectroscopy and x-ray
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diffraction pattern indicate that the hydrogen bond linked PSQ crystal structures have
high crystallinity (~89%). We measured the thermal conductivity of hydrogen bond based
PSQ beams. The thermal conductivity of the Octylene-bridged PSQ beams is measured to
be higher than the hexylene-bridged ones. The thermal conductivities for both types of
beams increase at low temperatures while decreasing at high temperatures, which is
attributed to the Umklapp scattering of phonons exist in high-purity crystals. The NEMD
simulations reveal that the thermal transport in PSQ crystals displays both coherent
phonon transport behavior and interfacial thermal transport feature. The experimental and
simulation results in this work clearly demonstrate the tunable and crystal-like thermal
transport in PSQ hybrid polymer crystals, which paves the way of practical thermal

applications for polymer crystals.
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CHAPTER 5. Thermal conductivity of individual crystalline

polyethylene (PE) nanofibers

5.1 Introduction

Crystalline polyethylene (PE) nanofibers have been demonstrated with Young's modulus
of ~312GPa [170], which approaches the theoretical limit [24]. Also, for ultradrawn
single crystal mat [15], it has been experimentally proved that, the axial Young's modulus
along the molecular chain direction is approximately in linear relationship with its
thermal conductivity, and the measured maximum thermal conductivity reaches a value
of ~41.8W/mk with a corresponding Young's modulus about 250 GPa at a temperature of
295K. The linear relationship can be explained by the crystallinity and crystallite
orientation within the ultradrawn material. The PE nanofibers produced by the two-stage
drawing method is believed to possess a similar level of crystallinity and lamellar
orientation as discussed in Chapter 3. Accordingly, from the linear proportionality
between the Young's modulus and the thermal conductivity, we expect the thermal

conductivity of our PE nanofibers reach a value at least 58 W/mK.

Recently, with the development of highly reliable and accurate thermal measurement
techniques, great interests have been revived on the characterization of thermal transport
in polymer fibers with high moduli. For example, time domain thermoreflectance (TDTR)
is applied to measure the axial thermal conductivity of a commercially available PE
microfiber (Dyneema®) [27]. The TDTR technique yields a temperature dependent
thermal conductivity with its maximum around 100K, and the room temperature value is

~18W/mK. However, in this work, the measured PE fibers have diameters around 20pum
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and the spot size of the laser used in the system is about 5.4um in diameter. As a result,
we are not able to perform the measurements using the TDTR technique on our PE
nanofibers. While on the contrary, a bi-cantilever technique has been developed and
successfully measured a thermal conductivity of 104W/mK for a PE nanofiber (131nm in
diameter, 290um in length) at room temperature [31]. Nevertheless, a particular problem
associated with this technique is low signal to noise ratio which greatly degrades the
accuracy of the results. Furthermore, due to experimental limitations, the temperature
dependence of the thermal conductivity is not yet determined for the PE nanofibers. In
this chapter, we measure the thermal conductivities of PE nanofibers over a temperature
range of 20K to 320K, by implementing a micro device with suspended structures where
the nanofiber can be placed. This method has been used to measure nanofibrils of various

materials and proven with great reliability and precision [98], [156], [171], [172].

5.2 Sample preparation and measurement scheme

The detailed measurement scheme has been discussed in Chapter 2, Section 3. Briefly, as
shown in figure 5-1, a PE fiber is placed on the two heating and sensing islands by a
manipulator. To examine the thermal transport at the interface between the fiber and
islands, we apply a small drop of cyanoacrylate based super glue or deposit platinum (Pt)
at each end of the fiber to fix it on the islands. At a global temperature, one island is
heated by passing a DC current through the platinum coil. The heat generated on the coil
due to the Joule effect is then dissipated to the ambience via the PE nanofiber and the
supporting legs. When the heat transfer reaches a steady state, a constant temperature
difference AT is established across the PE nanofiber. By knowing the temperature

coefficient of resistance of each Pt coil, we are able to deduce the absolute temperature of
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each island after measuring the resistance of each coil with Lockin amplifiers, and
therefore the temperature difference AT can be found. Together with the knowledge of
the heat transferred through the nanofiber and the dimensions, we then obtain the thermal

conductivity of the nanofiber by applying the Fourier's law.

Figure 5-1 A PE nanofiber placed on the micro device with suspended islands and legs.

The nanofiber is clamped at both ends with cyanoacrylate based super glue. The scale bar

is 10 um.

5.3 Experiment results and discussion

As mentioned in Chapter 2, Section 3, the effective thermal conductivity k,, is equal to

the intrinsic thermal conductivity k. of the sample only if the thermal contact resistance

can be ignored. This condition is particularly important because the thermal conductivity

of PE is very high with a previously reported value of 104W/mK at room temperature.
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An equivalent thermal circuit in figure 5-2 can be used to represent the steady state

thermal transfer during the measurements:

T ——AM——AN——AN——Ts
Rcl RS Rcz

Figure 5-2 Thermal resistance network for steady state heat transfer on the micro device
with a PE fiber incorporated. R; is the thermal contact resistance between the nanofiber
and the heating island, R, is the thermal contact resistance between the nanofiber and the

sensing island, and Rs is the thermal resistance of the measured nanofiber.

Following figure 5-2, we can write the total thermal resistance Ry as following:
Rtol = Rcl + Rs + Rcz’ (51)

because the contact conditions on both islands are very similar in terms of the geometry
of the contacts and the amount of super glue applied, we can assume Ru~Rq. By
knowing the length | of the nanofiber suspended over the gap and the diameter d,
equation 5.1 can be written as:

! 41
kA kzd?

(5.2)

where ks, and A are the thermal conductivity and the cross area of the PE nanofiber

respectively. And we can also write Ry as:
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R = (5.3)

=2R _+ 5.4
K, 7d’ ok zd? G4
Rearrange equation 5.4 the effective resistance ke is related with ks as following:
( 1 )
keff = | | s " (55)

kZRu/Rs+1)

From equation 5.5, we notice that only if R.1<<Rs, ker=ks. For nanofibers which are
sufficiently long and small in diameter, this condition normally applies if thermal
conductivity of measured samples is very small (e.g. ~1W/k) [100], [156]. We examine
the heat transfer of the nanofiber with three bonding methods: 1. The nanofiber is placed
on the islands and only line contacts form with no additional bonding materials. 2.
Cyanoacrylate based glue is applied to bond the nanofibers on the islands. 3. A layer of

platinum is deposited around the nanofiber on the islands.

5.3.1 Thermal contact resistance between the nanofiber and the islands without

adhesion materials

If a PE nanofiber is placed on the micro device, temperature of the nanofiber portion in
contact with the island varies along the fiber length, this portion of the nanofiber can be
treated as a fin, and therefore the total thermal contact resistance R. between the

nanofiber and two islands is [173]:
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R, = : (5.6)
2 4 \

kHﬂ'd ZR;

where k, is the longitudinal thermal conductivity of the nanofiber, d is the nanofiber

diameter, I_is the length of the nanofiber contacting the islands, and r_ is the thermal

resistance of a unit contact length between a cylinder and a flat surface [174]. To

calculate r_, we follow McGee et al.'s line contact model [174], [175]:

R;:Lln{_}_kiJrnk In[;j, (5.7)

where k  is the transverse thermal conductivity of PE crystal about 0.2W/mK at room
temperature [34], k,, is the thermal conductivity of Pt which is about 7IW/mK, and b is

the half line contact width of the nanofiber in the perpendicular direction of the nanofiber.
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Figure 5-3 Total thermal contact resistance plot against contact length I. (a) and the line

contact width 2b (b) based on equation 5.1 and 5.2.
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For a nanofiber with diameter about 441nm, based on equation 5.1 and 5.2, the calculated
total thermal contact resistance is plotted in figure 5-3. As shown in figure 5-3(a), the
total thermal contact resistance decreases as the contact length increases, and
asymptotically approaches 2.26x10° K/W. Figure 5-3(b) also shows a decreasing trend of
the total thermal contact resistance with respect to the line contact width. However, the
line contact width of a nanofiber is normally considered very small as a result of a small
deformation caused by week van der Waals force [173]. For a PE nanofiber 441nm in
diameter and 24.29um in length, if the thermal conductivity is assumed to be 20W/mK at
room temperature, the intrinsic thermal resistance of the fiber is 9x10°K/W which is only
about 4 times as big as the total contact resistance. Additionally, in reality, the thermal
contact is never ideal, gaps, contaminations and other defects all contribute to a much
larger thermal contact resistance than the ideal case. Thermal conductivities of a PE fiber

with a diameter of 441nm and a length of 24.29um is measured and shown in figure 5-4.
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Figure 5-4 Thermal conductivities of a PE nanofiber placed on the thermal device with no

additional bonding materials.

5.3.2 PE nanofibers clamped with cyanoacrylate super glue

Based on the discussion in the last section, we decide to apply cyanoacrylate super glue
in an attempt to reduce the thermal contact resistance. After the sample gluing on the
micro device, we then attach the device onto a ceramic package and connect the device
with the ceramic package using gold wires. The assembled ceramic package is placed in a
cryostat with a vacuum level as high as 110" Torr. We measure the thermal conductivity

of PE nanofibers from 20K to 320K with a temperature interval of 10K.
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Figure 5-5 Measured thermal conductivities for two samples clamped by super glue,

sample 1(a), and sample 2(a).
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Four samples have been measured with the conditions mentioned above. For two typical
PE nanofibers, figure 5-5 illustrates the thermal conductivity increases with temperature
at a low temperature range and decreases at a high temperature range, although the
temperature range is slightly different. Sample 1 has a maximum thermal conductivity at
210K, while sample 2 has the maximum at 260K. At the low temperature range, the
increasing trend can be explained by the increasing heat capacity due to more excited
phonon modes at higher temperature. From figure 5-5, we can also observe that the
thermal conductivities of both samples show an approximately inverse proportionality
with respect to temperature. The trend is a signature of phonon-phonon scattering in a

crystalline solid [34], [47].

However, the effective thermal conductivity of the fibers is significantly lower than what
was reported in previous research, especially a thermal conductivity value of 104W/mK
for the PE nanofibers which was fabricated with the same method [31]. The measured
low effective thermal conductivity is mainly caused by the thermal contact resistance R..
As mentioned in the beginning of the section, to meet the requirement of R¢1<<Rs, Kef=ks,
thermal conductivity of measured samples is normally very small ~1W/mK. However,
the thermal conductivity of highly crystalline PE nanofibers is on the order of 20W/mK
[27], [31]. For a PE nanofiber with length 5.6 um and diameter 0.991um as measured in
figure 5-5(a), assume the thermal conductivity is 20W/mK at room temperature, the
thermal resistance R; is 3.6 X10°K/W. However, the total thermal resistance Ry measured
is 8.1110°K/W which is much larger than Rs, which is highly likely caused by a thick

layer of glue below the nanofiber.

5.3.3 PE nanofibers clamped by focus ion beam (FIB) assisted platinum deposition
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Pt deposition by FIB has been used to precisely bond micro/nano filaments onto
substrates, because of the high resolution (~7nm) of the ion beam, and the technique can
usually achieve a 50nm minimum deposited line width. The resultant bonds can normally
enhance the thermal and electrical conductance between the samples and the substrates
[173], [176] due to the inherently high thermal and electric conductivities of the Pt metal.
Therefore, to reduce the thermal contact resistance between the PE nanofibers and the
heating/sensing islands, A FEI NOVA 600 dual beam system is used to deposit the Pt on
the PE nanofibers. During the process, a gas injection system precisely delivers a liquid
organometallic precursor (Trimethyl(methylcylopentadienyl)Platinum(IV) (CoHi6Pt)) at a
location very near the surface of the sample. The high energy gallium ions (accelerating
voltage 30kV, current 10pA) from a liquid-metal ion source separate the organic groups
and the metal ions. The organic groups as a volatile part are evacuated from the chamber,
and the Pt ions acquire electrons and therefore deposit on the bonding areas. The

resulting bonds are illustrated in figure 5-6.
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Figure 5-6 (a) and (b) are two typical samples bonded with FIB assisted Pt deposition; the
circled areas are contaminated by the Pt atoms. (c) A close look of a PE nanofiber

clamped on the islands by Pt blocks.

As shown in figure 5-6, we have successfully bonded the PE nanofibers on the islands.
To reduce the potential damage from the electron beam and the ion beam, we use a very
low accelerating voltage of 5kV and a beam current of 98pA to image the bonded

samples. The dose during SEM imaging is about 160uC/cm? which is two orders of
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magnitude smaller than critical dose for the destruction of the electron diffraction pattern

[177].
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Figure 5-7 Plots of thermal conductivity versus temperature for two PE samples bonded

on the micro device with FIB assisted Pt deposition.
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Figure 5-7 shows the thermal conductivities of two typical PE samples bonded with FIB
assisted Pt deposition. Both plots show an increasing trend of the thermal conductivity
against ambient temperature. There is no decreasing trend at a high temperature range as
what we observe for PE nanofibers clamped with super glue. Additionally, the measured
thermal conductivities at all temperatures are generally smaller than those measured for
the super glue bonded PE fibers. We conclude the FIB deposition process causes
significant damage on the crystal structure of the PE fibers, although we apply a very low
deposition current around 10pA. Due to the long time (~3minutes) exposure of high
energy gallium ions, the PE fibers lose their initial crystal structure and become
amorphous which results in a very low thermal conductivity. This conclusion can also be
verified by figure 5-6(a,b), the circled regions are contaminated by the Pt deposition [178]
and extend to an area much larger than the Pt covered area, which indicates the ion

damage is not only limited to the Pt deposition region but also a large vicinity.

5.4 Conclusion

PE nanofibers have been fabricated by the two-stage drawing method. For a PE nanofiber
simply placed on the micro device without any extra bonds, the contact resistance
between the nanofiber and the supporting islands is analyzed by the McGee et al.'s line
contact model, and the results suggest a high thermal contact resistance which is close to
the thermal resistance of a PE nanofiber on the micro device. However, we may use
thermal devices with different gap sizes between the two islands to quantitatively
measure the contact resistance. To reduce the thermal contact resistance, we have used

two bonding methods, the cyanoacrylate based super glue and the FIB assisted Pt
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bonding. Thermal conductivities of the PE fibers bonded by these two methods are
measured at a temperature range from 20K to 320K. The experiment results show a
crystal-like thermal conductivity trend for super glue clamped samples, while for the
samples bonded by Pt deposition, there is only an increasing trend of the thermal

conductivity observed.
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CHAPTER 6. Conclusions and outlook

6.1 Conclusions

Crystalline polymeric materials have significantly enhanced mechanical and thermal
properties, due to their extended and ordered polymer chains. Especially when the
dimensions of the crystallizable polymers reduce to micro/nanoscale, the number of
defects per unit volume is much lower than that in their bulk counterparts; therefore, the
scattering effect of phonons is dramatically alleviated, and the stress concentration which
results in material failures is also mitigated. With the remarkable mechanical and thermal
properties, and other intrinsic polymer properties, such as low density, high
biocompatibility, easy processability etc., we can apply the crystalline polymeric
materials in a variety of fields, for example, heat spreaders for electronics industry,

personal armors for military, and high strength ropes for aircrafts.

To explore the mechanical properties of crystalline polymers, we use the linear polymer
PE as a typical example of crystallizable polymers. A two-stage drawing method is
adopted to fabricate the individual PE fibers with diameter size below 1um. In the two-
stage drawing method, we first draw a PE fiber with a diameter in a um range from a PE
gel which is heated at a temperature ~130°C, and then keep stretching the fiber at a high
temperature environment (>90°C) until the fiber diameter reaches nm level. During the
two-stage hot drawing process, the elongational flow initiates great polymer chain
extension and ordering; the resulting PE fibers have highly extended and aligned PE

chains which form an orthorhombic crystal structure.
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We use the force deflection spectroscopy (FDS) technique to obtain the mechanical
properties of the PE nanofibers. Typically, the PE nanofiber is placed on a specially
designed micro trench by fixing two ends of the fiber using super glue. Atomic force
microscopy (AFM) is performed to locate the middle point of the nanofiber. At the
middle point, we deflect the nanofiber using an AFM cantilever. By knowing the
deflection amount and the spring constant of the cantilever, based on the Bernoulli's
beam equation, we are able to calculate the Young's modulus of the PE nanofibers. The
experimental results demonstrate a very high Young's modulus ~312 GPa of the PE
nanofiber, the exceptionally high Young's modulus is attributed to an increased
crystallinity in the PE nanofiber which has been proved by the selected area electron

diffraction (SAED) pattern in transmission electron microscopy (TEM).

Polysilsesquioxane (PSQ) hybrid crystals are synthesized by a large scale and cheap sol-
gel process. The hybrid crystals are formed by hydrogen bonds in the beam direction. We
study the thermal transport in the PSQ hybrid crystals with a micro device with built-in
heaters and thermometers. The micro device has two suspended islands with patterned Pt
coils on the top surfaces. The PSQ beam is placed between the two islands, by applying a
DC current to the Pt coil on one of the islands; Joule heating raises the temperature of the
island. Heat is then transferred through the PSQ beam to the other island, and the
patterned Pt coil serves as a thermometer for measuring the temperature rise. When heat
transfer reaches a steady state, we measure the temperature different between the two
islands, with the knowledge of the heat transferred through the sample; we are able to

calculate a thermal conductance for the measured samples. Thermal conductivity can then
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be derived after characterizing the geometric parameters including length and diameter of

the samples.

The thermal characterizations of PSQ beams demonstrate a broad maximum of thermal
conductivities centering around 120K. At a high temperature range (120K to 320K), the
experiment results show that the thermal conductivity of the PSQ crystals is proportional
to T%° which is not the commonly observed T for single crystal solids. Non-
equilibrium molecular dynamics (NEMD) simulations reveal that the anharmonic phonon
scattering and the interfacial anharmonic coupling effects probably are responsible for the

T3 relation.

As the thermal conductivity measurements for PSQ beams, the same micro device based
thermal characterization method has been applied on PE nanofibers which are also
fabricated by the two-stage drawing method. By analyzing the line contact thermal
resistance between a PE nanofiber and a Pt surface without additional bonds, we find the
thermal contact resistance is comparable to the intrinsic thermal resistance of the PE
nanofibers with a thermal conductivity of 20W/mK. To reduce the thermal contact
resistance, we use cyanoacrylate based super glue to increase the contact area between
the nanofiber and the supporting islands. The experiment results show a crystal-like trend
of thermal conductivity versus temperature. However, the measured thermal
conductivities are significantly smaller than the expected values which are about
104W/mK at room temperature. We suspect the super glue might lift the nanofibers
above the surface of the islands and make a high thermal resistance between the
nanofiber and the islands. We also tried focus ion beam (FIB) based Pt deposition to

enhance the interfacial thermal transport; however, the measured thermal conductivities
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are all smaller than 1W/mK at the measured temperature range. Careful SEM
characterizations illustrate significant Pt contamination and ion beam damage to the PE

nanofibers, which result in the very low thermal conductivities.

6.2 Outlook and future work

Crystalline polymers possess interesting properties as demonstrated in the thesis, for
example, the enhanced mechanical and thermal properties for the PE nanofibers, and the
tunable thermal property of the PSQ crystal. However, there are various other stereo-
regular polymers which can crystallize, such as polypropylene (PP), poly(ethylene oxide)
(PEO), poly(p-phenylene sulfide) (PPS) etc. It will be of great interest to study
mechanical and thermal properties of nanofibers derived from these polymers, especially
those with aromatic ring backbones or other forms of backbones, rather than carbon-
carbon chains. Additionally, mass production of crystalline polymer nanofibers is very
important for practical applications of these nanofibers, apparently, the two-stage
drawing method presented in the thesis is only for initial characterization and study.
Therefore, future effort should be devoted to developing more robust mass production
methods which should yield highly crystalline fibers in nanoscale. Furthermore, the study
of thermal contact resistance for polymer nanofiber and platinum (Pt) in Chapter 5
illustrates a method and direction for the research of interfacial thermal transport. Further
research on this topic will give a fundamental understanding of the thermal properties of
composite materials, in which fibers with interested properties are embedded in a

polymer matrix.
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