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ABSTRACT
Thermal transport in low-dimensional structure has attracted tremendous attentions
because micro/nanoscale materials play crucial roles in advancing micro/nanoelectronics
industry. The thermal properties are essential for understanding of the energy conversion
and thermal management. To better investigate micro/nanoscale materials and characterize
the thermal transport, pulse laser-assisted thermal relaxation 2 (PLTR2) and transient
electrothermal (TET) are both employed to determine thermal property of various forms of
materials, including thin films and nanowires.

As conducting polymer, Poly(3-hexylthiophene) (P3HT) thin film is studied to
understand its thermal properties variation with P3HT weight percentage. 4 P3HT solutions
of different weight percentages are compounded to fabricate thin films using spin-coating
technique. Experimental results indicate that weight percentage exhibits impact on
thermophysical properties. When percentage changes from 2% to 7%, thermal conductivity
varies from 1.29 to 1.67 W/m·K and thermal diffusivity decreases from 10-6 to 5×10-7 m2/s.
Moreover, PLTR2 technique is applied to characterize the three-dimensional anisotropic
thermal properties in spin-coated P3HT thin films. Raman spectra verify that the thin films
embrace partially orientated P3HT molecular chains, leading to anisotropic thermal
transport. Among all three directions, lowest thermal property is observed along out-ofplane direction. For in-plane characterization, anisotropic ratio is around 2 to 3, indicating
that the orientation of the molecular chains has strong impact on the thermal transport along
different directions.
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Titanium dioxide (TiO2) thin film is synthesized by electrospinning features porous
structure composed by TiO2 nanowires with random orientations. The porous structure
caused significant degradation of thermal properties. Effective thermal diffusivity,
conductivity, and density of the films are 1.35~3.52×10-6 m2/s, 0.06~0.36 W/m·K, and
25.8~373 kg/m3, respectively, much lower than bulk values. Then single anatase TiO2
nanowire is synthesized to understand intrinsic thermophysical properties and secondary
porosity. Thermal diffusivity of nanowires varies from 1.76 to 5.08 × 10-6 m2/s, while
thermal conductivity alters from 1.38 to 6.01 W/m·K. SEM image of TiO2 nanowire shows
secondary porous surface structure. In addition, nonlinear effects are also observed with
experimental data. Two methods, generalized function analysis and direct capacitance
derivation, are developed to suppress nonlinear effects. Effective thermal diffusivities from
both modified analysis agree well with each other.
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CHAPTER 1. INTRODUCTION
1.1 Thermal transport in one-dimensional structures
The thermal transport in solid materials is fulfilled by the transport (movement and
collision) of phonons (dielectric or semiconductive materials) and free electrons (metals). In
micro/nanoscale materials, thermal transport is anticipated to be drastically different from
that in its bulk counterparts. Therefore heat transfer in micro/nanoscale materials deserves
special and attention and treatment due to several reasons: firstly, the size of material is
comparable to characteristic length of phonons, such as mean free path and wavelength;
secondly, existence of grain boundaries and crystal imperfections significantly alters the
movement and transport of energy carriers; thirdly, under micro/nanoscale, the heat transfer
is usually induced by ultrafast thermal excitation, such as picoseond (~10-12s) or
femtosecond (~10-15s) laser-material interaction. These spatial and temporal constrains
strongly confine and impact the transport of energy carriers (electron/phonon) and induce
impedance to heat transfer. Practically, the most straightforward consequence observed is
the accumulation of thermal energy and degradation of thermal performance in
micro/nanoelectronics. With the rapid development of semiconductor industry, both size
and dimension of the electronic components are highly reduced. However, the demands for
power and reliability become unprecedentedly strong and urgent. Therefore, investigation
of the thermal transport in micro/nanoscale materials would be critical to the advancement
of semiconductor industry. Two relevant aspects would be discussed in this work. The first
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aspect is to seek for novel candidates that present excellent thermal properties and
contribute better thermal system management. The second one is to develop more efficient
and precise techniques to investigate the thermal transport in the candidates.

1.1.1 Thin films
Low-dimensional nanostructures, including films, wires, fibers, tubes and rods, have
demonstrated their inspiring novelties and promising utilizations in various industries, such
as electronics, optical, energy and micromechanical industries [1]. Especially for thin film
coating that has been widely used in micro/nanoscale devices, the heat transfer within such
small scale strongly influences the thermal performance of micro/nanoscale transistors,
solid-state lasers, sensors and actuators [2]. Different from conventional films, size effect
presents more significant impacts on thermal transport within thin films. In addition the
thermal transport in thin films is strongly influenced by structural imperfections introduced
during the delicate fabrications process. Therefore, depending on the various fabrication
techniques, to understand thermal properties of synthesized thin films becomes increasingly
essential for heat transfer analysis in micro/nanoscale devices. Cahill [3] reviewed several
measuring techniques for studying films of wide range of thicknesses. 3ω technique is
capable of measuring films of tens of um thickness and is examined to be insensitive to
radiative heat loss. For film that has thickness less than 10 um, another technique [4] is used
by measuring the thermal boundary resistance that produces temperature drop at the
interface between two solids. Phonon scattering mechanisms were also considered in this
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experiment and it is found that the thermal conductivities of thin amorphous and crystalline
films can differ significantly from the bulk materials. Goodson [5] investigate the thermal
conduction in amorphous dielectric layers that affect the performance and reliability of
electronic circuits and predicted the influence of phonon-boundary scattering on the
effective conductivity normal to the layers. Same technique of Swartz and Pohl [4] was
adapted and the results of SiO2 layer fabricated using oxygen-ion implantation (SIMOX)
presented consistency with the bulk samples, indicating that neither thermal boundary
resistance nor highly resistive interfacial layers are present. The temperature and thickness
dependence of heat transport for SiO2 and SiNx films of 20-300 nm thick that were
fabricated by plasma-enhanced chemical vapor deposition were investigated by Lee and
Cahill [6] using 3ω method. It was found that the thermal conductivity has little dependence
on film thickness for films as thin as 100nm. If thickness of film is reduced to be smaller
than 50nm, thermal conductivity decreases with the film thickness. For polymer films, the
in-plane and out-of-plane thermal conductivities of spin-coated polyimide films with
thicknesses between 0.5 and 2.5 µm were studied with various techniques. Data reported
indicated that the lateral thermal conductivity is larger by a factor of six than the effective
vertical thermal conductivity for the films studied.

For particular solid thin films that are reported in this report, both polymer films and
inorganic materials with different interior structures are included. As a promising organic
polymer material, P3HT has been proven to have advantages over conventional
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semiconductors in light of weight, processability and environmental sustainability while it
still has electrical conducting property similar to semiconductors. This polymer material has
become an essential subject of interest for both academic and industrial researchers.
Various achievements have been reported regarding its development [7]. Synthesis of P3HT
was conducted and significant attentions have been paid on improving the regioregularity
and controlling the molecular weight and polydispersities of the fabricated P3HT [8-13].
Although the preparation of P3HT has been widely studied, it is still a complicated
chemical or electrochemical process for non-chemistry professionals, not to mention to
fabricate P3HT of defined molecular weight or specific regioregularity. The availability of
commercial-grade P3HT has substantially boosted in-depth and extensive research on
developing various forms of P3HT such as thin films [14-21], microwires [16, 21, 22] and
nanofibers [21, 23-28], and also on their electrical, optical and thermal properties in
practical applications such as photovoltaic cells and field-effect transistors. In order to
determine the density of P3HT film, an atomic force microscopy (AFM) in combination
with Rutherford backscattering spectroscopy data was applied and the density was
estimated at 1.33±0.07 g/cm3 [14]. The thermal behavior and morphology transition of
P3HT thin films developed by spin-casting was studied by Hugger et al. [15] using x-ray
diffraction measurements with AFM data. The transition temperature was found about 225
°C and a layered and smectic liquid crystalline phase of P3HT formed. Another efficient
method to promote order-disorder transformation of P3HT in solution by ultrasonic
oscillation was presented by Zhao et al. [29]. Upon ultrasonic oscillating, chain
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entanglements were decreased in the ordered precursors. 4 minutes was enough to yield the
best crystallinity of the film. The intrinsic photoconductivity of P3HT polymers was
measured and conclusion was made that higher mobility is associated with higher molecular
weight by using optical pump-THz probe spectroscopy [17]. A study [30] on the molecular
structure of P3HT indicated that a rotation of the planes containing the conjugated rings in
P3HT substantially contributed to electrical conductance: the rotation reduces the electron
and hole bandwidths and opens up the energy gap between occupied and empty states. To
enhance the conductance of P3HT, germanium endometallo fullerene was added into P3HT
matrix and the temperature is also significant to this adding process for achieving high
conductance [31]. In practical applications, P3HT was adopted to synthesize a composite
with phenyl-C61-Butyric acid methyl ester (PCBM) as the active layer in polymer
photovoltaic cells. It was proven that heat treatment dramatically improved the cell’s
performance. The power conversion efficiency was improved up to 2.8% under white light
illumination because the annealing contributed to optimizing both the donor/acceptor
morphology [32]. Research by Janssen et al. [18] also revealed the effect of thermal
treatments in optimizing the morphology of P3HT/PCBM films for organic solar cells by
monitoring the optical absorption and resonant Raman scattering.

Additionally, for P3HT film, of particular interest is the often strong anisotropy
caused by molecular structures. Fabrication process such as spin-coating or stretching could
yield highly aligned molecular structures along the deformation direction, and consequently
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yield highly anisotropic properties, for instance, the thermal properties that we will study in
this work. Study of anisotropy has already been conducted on numerous polymers. Models
by Henning [33] and Hansen [34] were proposed to account for the impact of molecule
orientation on the thermal transport in amorphous polymers. For semicrystalline polymers,
the molecular alignment can results in larger anisotropy than that in fully-amorphous
polymers. Choy’s model [35] to study the anisotropic thermal transport in polymer material
adopted the thermal conductivity of crystallite perpendicular and parallel to molecular
orientations, along with geometrical definition for the orientation of the crystallite and draw
direction. Experimental investigations of the anisotropic heat conduction in stretched
polymers have been conducted by several groups. Kilian and Pietralla [36] measured the
dependence of anisotropy factor of thermal diffusivity of uniaxial stretched polyethylene.
Results showed that the intrinsic anisotropy factor ranges from about 2 for completely
amorphous structure to about 50 for completely crystalline polymers, respectively. Rantala
[37] measured the anisotropic ratio of thermal conductivity of plastic foils whose
thicknesses were about 30-100 µm and draw ratios was from about 2 to 8. The determined
anisotropic ratios vary in small range 1-2. Piraux’s work [38] proved that for highly
orientated structures, the thermal conductivity is enhanced by 15 to 60 times higher than
that of non-orientated polyacetylene. Choy [39] developed a pulsed photothermal
radiometry technique by combining a line-shaped laser beam with laser-flash radiometry
method. This technique is able to measure the thermal conduction behaviors for bi-axially
stretched polymer films. A polyethylene film with a draw ratio of 200 was measured and
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the anisotropy with thermal diffusivity was determined to be even greater than 90.
Kurabayashi’s work [40] presented three techniques to examine the vertical and lateral
thermal conduction in polymer film on substrate. Data reported indicates that the lateral
thermal conductivity is larger by a factor of six than the effective vertical thermal
conductivity when the film thickness varies between 0.5 to 2.5 µm. Harmonic joule heating
technique [41, 42] was employed to study the anisotropic thermal conductivity of dielectric
films. This technique employs metal lines that serve as both heater and thermometer. The
lateral spreading of heat inside the film changes the one-dimensional temperature field to
achieve the purpose of measuring anisotropic thermal conductivity. For solution-cast P3HT
films, the temperature dependence of anisotropic conductivity was investigated by Liu [43],
indicating that conductivity in the perpendicular direction increases with increasing
temperature while conductivity along parallel direction decreases greatly after 50 ºC. This
change is attributed to structural anisotropy variation with temperature change.
Thermoreflectance imaging technique [44] with localized heat source provides an instant
and detailed description of the 2-dimensional thermal maps of area surrounding the heat
source. It is valid for materials with either isotropic or anisotropic in-plane/out-of-plane
thermal conductivity in thin films.

Different synthesis methods of P3HT film, such as solvent casting and spin coating,
are widely used to produce P3HT thin film [15]. In solution-casted thin films, P3HT forms
needle or plate like crystallites oriented with respect to the substrate, while in spin-coated
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P3HT film, non-equilibrium structures with reduced order and orientation is always
displayed. In this work, free-standing spin-coated P3HT thin film is fabricated for
anisotropic thermal transport investigation. Two transient techniques will be applied for
thermal characterization. Pulsed laser-assisted thermal relaxation 2 (PLTR2) [45], which is
capable to characterize both in-plane and out-of-plane thermal transport, will be used to
measure the 3-dimensional anisotropic thermal properties. Another technique, transient
electrothermal (TET) [46, 47] is used as a validation of the results from PLTR2. In addition,
TET could be used to determine the anisotropic thermal conductivity. TET technique was
used in our group to investigate the thermophysical properties of P3HT films fabricated
from solution with different concentrations of P3HT content [47]. Concentration of P3HT
content in the solution not only impacts the thickness of the spin-coated thin film, it has
also strongly influenced the thermophysical properties. When studying the anisotropic
thermal transport in P3HT thin films, the concentration of P3HT content in the solution is
fixed at 2%, in order to keep the thickness of P3HT film to be around a few tens of microns,
and also to eliminate irrelevant impact on thermal properties.

Due to its unique properties in photocatalytic decontamination [48], sensor materials
[49, 50], dye-sensitized solar cells [51] and also photoelectrochemical cells [52], titanium
dioxide (TiO2) of low-dimensional nanostructures, has been intriguing considerable
attentions of both fundamental and practical perspectives when altering the particle sizes,
crystalline state and morphology [53, 54]. Intensive and in-depth applications of TiO2
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nanostructures are reported recently. A varieties of techniques are used for have been
employed for synthesizing TiO2 nanostructures, such as sol-gel method [55-61], chemical
vapor deposition [62, 63], hydrothermal reaction [64-70], anodic oxidation [71-75],
electrospinning [76-83] and many others [84-93]. The properties of TiO2 nanostructures
vary substantially with the synthesis principles [94] and large collections of studies and
achievements have been reported regarding their electrical and thermal properties and how
they are influenced by various TiO2 nanostructures, including TiO2 nanofibers [76-79, 8183], nanopowders [95], nanotubes [96, 97], nanowires [98-102] and thin films [103-109].
Among all micro/nanostructures, TiO2 thin film, which can be fabricated via several
methods [103-109], is substantially important to several applications, such as protective
coatings, microelectronic applications, optical coatings, and photochemically active layers.
The research on physical properties of TiO2 thin film has been carried out focusing on
diverse aspects. The electrical conductivity of TiO2 thin films was studied by Zhao et al.
[110] to explore the effect of film thickness and the material of substrate on which the film
is deposited by magnetron sputtering. For thermal properties, Zhang et al. [111]
investigated the thermal diffusivity of nano-structured TiO2 thin films on silicon substrate
and concluded that the thermal diffusivity is also dependent on the film thickness and
annealing temperature. Moreover, plenty of findings have been reported on the thermal
conductivity, which is the key property in determining the capability of TiO2 to transfer
heat. A direct reading thermal comparator [112] was used to measure the thermal
conductivity of TiO2 thin-film coatings and it is found that the thermal conductivity is
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several orders of magnitude lower than that of bulk material. For electron-beam (EB)
deposited and ion-plated (IP) thin films of TiO2, Wu et al. [113] studied both absorption
and thermal conductivity. The films fabricated by EB and IP techniques both show much
lower thermal conductivity than bulk material while IP coatings presented higher thermal
conductivity. Cahill et al. [114] also measured the thermal conductivity of TiO2 optical
coatings fabricated by reactive evaporation and ion beam sputtering, and the results
indicated a thermal conductivity of about 6-16 mW/cm·K, which is lower than reported
value for bulk TiO2. 3ω method was adopted by Lee et al. [115] to measure the thermal
conductivity of rutile-structured micro-crystalline TiO2 film and a strong dependence of the
thermal conductivity on the substrate temperature was observed. When the substrate
temperature is around 400 ºC the thermal conductivity approaches the bulk value of about 8
W/m·K. In-plane thermal conductivity of TiO2 thin film [116] was measured using the
thermo-reflectance method and the results indicated to be one order of magnitude smaller
than the bulky value. TiO2 films of different phases including crystalline, non-crystalline
and amorphous were all measured by Martan et al. [117] using a two-detector measurement
system of pulse photothermal radiometry. The measurement revealed that the anatase
embraced higher thermal conductivity than rutile and amorphous phases. Maekawa et al.
[63] investigated the TiO2 films grown by MOCVD and the relationship between the
microstructure and thermal conductivity, showing that the feather-like texture film
exhibited extremely lower thermal conductivity than bulk TiO2. Cross-plane thermal
conductivity of highly-ordered amorphous and crystalline mesoporous TiO2 thin films was
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measured by 3ω method [118] with porosities of 30% and 35%. The thermal conductivity
of crystalline sol-gel mesoporous TiO2 thin films was about 1.06 W/m·K and comparison
was made to show that the connectivity and size of the crystalline domains can provide
control over thermal conductivity in addition to porosity.

For experiments that have been undertaken to study the thermophysical properties
of TiO2 thin films, most of them concentrated on the films directly fabricated on substrate
by sputtering method or vapor deposition technique. The properties of TiO2 coating film are
proven to be highly related to the physical properties of the substrate, such as the material
of substrate, deposition temperature and pressure. Due to its small size, little work has been
reported regarding the thermophysical properties of discrete TiO2 thin film embracing
interconnected network of nanowires.

1.1.2 Nanostructure
When dimension of material has been reduced to the level comparable to the
characteristic length of the heat transfer carriers, such as mean free path (MFP) and
wavelength, the thermophysical property is drastically different from its bulk counterparts
because scattering from boundaries and imperfections become predominant in thermal
transport process. To understand and characterize the thermal properties of such minuscule
structures is essential to microelectronics. By using electron beam and photolithography
technique, Majumdar et al. [119] fabricated a micro-scale suspended device to measure the
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thermal transport property of single multi-wall carbon nanotube (CNT) with known heat
flow and temperature gradient in steady state. Similar technique using microfabricated
devices [120] was employed to measure thermal and thermoelectric properties of other onedimensional nanostructures including individual single crystalline intrinsic silicon nanowire
[121] and carbon nanofiber [122]. The thermal contacts between sample and
microfabricated device was studied and platinum (Pt) deposition was applied to have
reduced the contact thermal resistance for about 9-13%. Zhang [123] used
thermoreflectance imaging technique to measure the heat transfer along a silicon nanowire
suspended between two thin-film heaters and the calculated thermal conductivity of the
sample is about 46 W/m·K. When size of wire decreases, the thermal conductivity also
decreases. This conclusion is consistent with the theoretical speculation from Yang and
Chen [124], who applied a generic model to study the phonon transport and thermal
conductivity of simple and tubular nanowire composite and the result show that the
effective thermal conductivity changes also with the radius of the nanowires due to the
nature of ballistic phonon transport.

In-depth consideration was given to single TiO2 nanowire in this report after
completing the investigation of TiO2 thin films. Both anatase and rutile-phase TiO2
Nanowires was successfully fabricated by Xu et al. [98] via molten salt-assisted and
pyrolysis route. Moreover, TiO2 mesostructure composed of discrete TiO2 nanowires were
synthesized and studied for their properties and applications. Lei and his group synthesized
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highly-ordered TiO2 nanowire array by a sol-gel method [55]. Those TiO2 nanowires were
examined to be single crystalline anatase with uniform diameter around 60 nm. Mesoporous
titania network that consists of anatase TiO2 nanowires was synthesized to be applied in
photocatalysis, photovoltaics and bone-tissue engineering. Boercker [102] studied the
growth mechanism of TiO2 nanowires for Dye-sensitized solar cells. By using a surfactantassisted “oriented attachment” mechanism [99], TiO2 nanonetwork that is composed of
single crystal anatase nanowires was synthesized and it was approved that the light-toelectricity conversion yield of 9.3% after applying it as TiO2 thin-film electrode in dyesensitized solar cells. Although intensive attentions have been devoted to studies of TiO2
mesostructure of nanowires, few knowledge has been presented concerning the properties
of single TiO2 nanowire. Štengl [101] once prepared and characterized TiO2 nanowires with
diameter around 10 nm by studying their surface area and pore size distribution change with
temperature in the range 350 -1000 °C. To be utilized in dye-sensitized solar cells, TiO2
nanowires were treated with Nb(Oet)5 solutions and it was confirmed in Beppu’s work
[125] to have high heat resistant properties and even shapes when heated up to 450 °C,
which consequently increased the electron diffusion coefficient and photoelectrical
conversion efficiency.

Thermophysical properties of single TiO2 nanowires consequently become our
research interest after accomplishing the thermal characterization of anatase thin films. As
will be introduced in this report, the TiO2 thin film synthesized by electrospinning is
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observed to be composed of numerous unoriented TiO2 nanowire and the intrinsic
properties and polymorph structure of the nanowire is most assumable to strongly influence
the meso-properties of the films. Additionally, as a crucial physical property, density varies
substantially with distinct fabrication methodologies; nevertheless it draws little attention
when TiO2 material is extensively studied with different forms and structures.

1.2 Scope of this research
To fulfill proposed concerns and questions, different fabrication techniques are
applied in this report for materials of particular structure due their dimensions and
composition natures. Electrospinning is adopted to synthesize anatase TiO2 thin films and
also the single anatase TiO2 nanowires, while spin-coating is applied directed on fabricating
the P3HT thin films. The induced interior structure would also be different depending
specific fabrication processes. After completing the sample preparation, thermal
characterization is performed using diverse techniques, such as transient electrothermal
(TET) technique [126], pulse laser-assisted thermal relaxation (PLTR2) technique and
calibration of temperature coefficient of resistance. Certain modifications are made to
ensure the TET technique and calibration procedure more specifically suitable for the
different samples. Other than thermal properties, important physical properties such as
density and porosity are also our interest with specific materials. The theoretical principles,
analytical solutions and analysis of the thermal characterizations are addressed in Chapter 2
with sample results being presented to confirm the accuracy and efficiency of the
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characterization. In Chapter 3 and 4, thin films of around tens micrometers and with
different composition natures are fabricated and then characterization are conducted to
understand their thermal properties, while the internal structures are distinctly different. In
order to understand more about the intrinsic properties of single TiO2 nanowire that
composes the TiO2 thin film, in Chapter 5, TiO2 nanowire of about hundreds of nanometers
diameters are prepared for further thermal characterization. Regarding the nonlinear effects
existed within the measurement, data analysis methods are developed to suppress those
effects. Conclusions are made in Chapter 6 to present main findings regarding thermal
property of the materials studied and more in-depth analysis will also be presented.
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CHAPTER 2. THERMAL CHARACTERIZATION PRINCIPLES AND
TECHNIQUES
In this chapter, comprehensive thermal characterization techniques are introduced
for understanding the thermal properties of low-dimensional materials. The major
properties studied in this report are thermal diffusivity and thermal conductivity, along with
some other physical properties such as density and porosity. Depending on the structural
natures of the samples, many techniques, such as transient electrothermal (TET) technique,
[46, 126] optical heating and electrical thermal sensing (OHTES) technique [127], transient
photo-electro-thermal (TPET) [128] technique and pulse laser-assisted thermal relaxation
(PLTR) technique [45], have been comprehensively utilized in our group to measure the
thermal properties. Laser beam or electrical heating are usually applied in these techniques
to provide transient heating. As an essential property to decide how excellent the material
conducts thermal energy, thermal conductivity of the materials in this report is determined
by combining the TET method with a calibration procedure of the temperature coefficient
of resistance, which is performed at quasi-equilibrium process and provides more details
about the electro-thermal relationship of the material. Another important thermal property,
thermal diffusivity is directly determined by TET technique, which has addressed its
competence and excellence in measuring the thermal properties [46, 126].
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2.1 Transient electrothermal (TET) technique
Compared with steady state technique, TET presents its advantages on several
aspects. First, TET technique can be applied to metallic, nonconductive and semiconductive one-dimensional small-scale structures including films, wires and tubes, given
appropriate coating layers. Second, TET features much stronger signal levels (hundreds to
thousands of times higher) compared with 3ω and OHETS techniques. Third, TET
technique requires much reduced response time (usually less than one second) and much
faster experiment cycle.

2.1.1 Experimental configuration
In TET technique, the to-be-measure sample is suspended between two metal
(copper, aluminum, etc.) electrodes as shown in Fig. 2-1. Both ends of the sample are
pasted with conductive paint to enhance electrical conduction and attenuate contact thermal
resistance. Base with suspended sample as shown in Fig. 2-1 is then positioned in a vacuum
chamber (< 1.0 × 10-3 Torr) to minimize the air convection effect. A current source is
connected to the base to provide constant current signal, and the rise time of the device is
negligible compared with thermal response time of sample. Another high-speed
oscilloscope with 1 MΩ impedance is employed to record the real-time voltage-time (U-t)
response. All connections and cables in the experimental setup are shielded to suppress
environmental noise. At the beginning of the experiment, DC current is provided through
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the sample to introduce electrical heating. Induced temperature evolution of the wire
strongly depends on the heat transfer along it and consequent temperature rise leads
resistance change, which is converted to the voltage change recorded by oscilloscope. A
typical U-t profile of platinum (Pt) wire is presented in Fig. 2-2. It is observed in this plot
that the voltage is zero before the current is provided and then immediately rises to a nonzero anticipated value as soon as the current feeding is turned on. Under continuous
constant current, the voltage recording on the oscilloscope increases and then reaches a
stable value if cycle time is long enough. Particularly, for rise state, only very few irrelevant
points emerge before reaching the anticipated voltage, indicating that the voltage response
is linear and no substantial impacts to reduce the current passing through the Pt wire. At the
moment when the current feeding is terminated, the voltage instantaneously decreases to
zero value with only very few intermediate points, as well implying that mostly only the
resistance of Pt wire takes effect. If the to-be-measured sample is nonconductive, a thin film
of metal is coated on the surface of the wire to make it electrically conductive.
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Figure 2-1. Experimental configuration of transient electrothermal technique.
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Figure 2-2. Voltage-time (U-t) response profiles of a platinum wire via the TET
measurement.
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2.1.2 Theoretical principles
In order to derive the thermal diffusivity from a U-t profile as shown in Fig. 2-2,
theoretical solution to relate the temperature variation with the voltage change is required
for data fitting purpose. The experimental setup can be interpreted as a one-dimensional
heat transfer problem if the length of the sample is long enough compared with the
diameter. The electrical heating power may change a little with time and is assumed to be
constant in this experiment. The initial condition of the problem is T(x, t = 0) = T0, where T0
is the room temperature. Since the dimension of the electrode is much larger than the
sample dimension, the temperature of the electrode can be assumed to be constant during
the whole measurement. Therefore, the boundary conditions are reasonably described as
T(x = 0, t) = T(x = L, t) = T0. For the heat transfer along the x-directional and if the thermal
radiation is neglected, governing equation is as follows,

∂ ( ρ c pT )
∂t

=k

∂ 2T
+ q0 ,
∂x 2

(1)

where ρ, cp and k are density, specific heat and thermal conductivity of the sample,
respectively. For analysis purpose, these properties are assumed constant and independent
of temperature. Details for solving this equation are given in the work from another
colleague [126]. Analytical solution is solved using Green’s function,
G X 11 ( x, t x ' ,τ ) =

2 ∞
x 
x' 

2 2
2


/
sin
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−
−
×
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)
.
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L m =1 
L 
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(2)

The temperature distribution along the length direction is then expressed as
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T ( x, t ) = T0 +

α

t

k ∫τ ∫

L

=0 x' =0

q0GX 11dx ' dτ . The average temperature of the sample T(t) is then

obtained by integrating T(x, t) over the whole length,
L

8q L2
1
T ( t ) = ∫ T ( x, t ) dx = T0 + 0 4
L x =0
kπ

1 − exp  − ( 2m − 1) π 2α t / L2 

.
∑
4
m =1
( 2m − 1)
∞

2

(3)

With enough thermal transport time, the temperature distribution along the sample
reaches steady state and is T0 + q0 L2 / (12k ) based on Eq. (3). q0 is the electrical heating
power per unit volume and is expressed as q0 = I 2 R / ( AL ) , in which A and L are crosssectional area and length of the sample, respectively. Normalization of average temperature
increase into dimensionless form presents
1 − exp  − ( 2m − 1) π 2α t / L2 

.
*
T = 4∑
4
π m =1
( 2m − 1)
96

∞

2

(4)

The voltage evolution (Usample) recorded by the oscilloscope is directly related to the
average temperature change of the sample as

U sample

2
2
2

8q0 L2 ∞ 1 − exp  − ( 2m − 1) π α t / L 
,
= IR0 + Iη
×∑
4
kπ 4 m =1
( 2m − 1)

(5)

where Usample is the voltage over the sample recorded by the oscilloscope, I is the constant
current fed through the sample, R0 is the resistance of sample without heating, and η is the
temperature coefficient of resistance of the sample. One typical profile based on Eq. (5) is
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seen in Fig. 2-3 and it is obvious that the recorded voltage change is inherently analogous to
the temperature evolution of the sample as seen in Fig. 2-2. The methodology how to derive
the thermal properties from the U-t profile is also interpreted in this figure. For each U-t
response profile, a transient voltage rise state appears as soon as the current starts to feed
and this transient state is analogous to temperature change shown in Eq. (4). In order to
obtain the thermal diffusivity, global fitting of the experimental data to theoretical solution
is performed by trying different trial values of thermal diffusivity and the best fit (least
square) gives that thermal property of the measured sample.

Steady state voltage

Voltage (V)

U1

∆U=U1-U0 can be used
to determine ∆R and ∆T,
and then determine the
thermal conductivity

U0
Initial voltage
Transient state can be used
to determine the thermal
diffusivity

--

--

-Time --(second)

--

--

Figure 2-3. Methodology to determine the thermophysical properties based on the
experimental U-t profile.
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2.2 Temperature coefficient of resistance calibration
From Eq. (4), if time is long enough, the temperature distribution along the sample
reaches the steady state and the average temperature of the wire becomes
Tstable = T0 + q0 L2 / (12k ) . q0 is the electrical heating power per unit volume and can be

expressed as q0 = I 2 R / ( AL ) , while the A and L are the cross-sectional area and length of
the sample, respectively. This steady state is also observed in Fig. 2-3. When temperature
distribution reaches steady, the resistance remains constant and the voltage does not change
any more. Therefore, the temperature variance ∆T = Tstable − T0 = q0 L2 / (12k ) is obtained.
With the calibration result of temperature coefficient of resistance η and the resistance
change ∆R during the heating process, the temperature change ∆T is calculated and then the
thermal conductivity is obtained as k = I 2 RL / (12 A∆T ) .

The calibration procedure is performed immediately before or after the TET
measurement is finished, and the temperature range normally covers the temperature
varying range in TET experiment. Therefore the experimental setup of calibration
procedure is very similar to the TET setup and the experimental base is still the one shown
in Fig. 2-1. Instead of using the constant current source and oscilloscope, DC power supply
is connected to provide heating source while the temperature and resistance change are
recorded by thermocouple meter and digital multi-meter, respectively. During the
calibration procedure, the coated sample is suspended between two conductive electrodes

www.manaraa.com

38

by silver paste. Thermocouple is attached to one side of the electrode, close enough to the
sample, and the other end of the thermocouple is connected to a thermocouple meter to
simultaneously monitor the temperature change. The whole stage including the electrodes
and the sample suspended between the electrodes is situated on a heating plate. This
calibration procedure is conducted also in a vacuum chamber whose pressure is kept lower
than 10-3 Torr to reduce unnecessary heat dissipation. The heating power is precisely
controlled to maintain the process moderate. After the temperature reaches the speculated
temperature value, the heating is turned off and the cooling process begins. During the
cooling process, temperature decrease is relatively slow compared to the heating process.
Therefore the time can be assumed to be long enough to achieve even temperature
distribution and the readings from the thermocouple meter can be approximated as the
temperature of the sample. Both temperature and resistance readings are recorded to attain
the temperature-resistance calibration profile for further data processing.

2.3 Modification process to derive real thermal properties
Not all materials measured are excellent electrical conductive, therefore, in order to
enhance the electrical conducting behavior, a metallic thin film is coated over the nanowire
surface. This metallic coating ensures the sample to rapidly conduct electrical current and
generate heat which transfers along the axial direction such that the thermal properties can
be measured. When the heat flows in the coating layer and materials are both along the
axial direction, the effective thermal conductivity of the whole sample can be expressed as
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keff =

k s As + k f Af
As + Af

,

(6)

where k is thermal conductivity and A the cross sectional area, while subscripts s and f
indicate bare low-dimensional sample and the coated iridium film, respectively. To simplify
the equation an assumption is made that the cross-sectional area of bare sample is much
greater than that of the iridium film, which implies As > Af. Meanwhile, according to the
definition of Lorenz number, kf is expressed as

kf =

LLorenzTL
,
RAf

(7)

Combine Eq. (6) and Eq. (7), we can determine the real thermal conductivity of bare
TiO2 nanowire as

ks = keff −

LLorenzTL
,
RAs

(8)

The Lorenz number for different metallic film varies slightly and it also is relevant
to temperature. For example, the Lorenz number for gold is 2.35 × 10-8 W·Ω/K2 at 0 °C and
2.40×10-8 W·Ω/K2 at 100 °C [129], which is seen to have only weak variation within the
normal temperature range in the measurements and is usually treated as a constant within
the temperature range in TET experiment [130]. However, due to the fact the thickness of
gold films are usually around tens of nanometers, the Lorenz number is estimated to be
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significantly different from the value of bulk materials, 2.4 × 10-8 W·Ω/K2. Research is now
in progress to understand the dependence of Lorenz number on film thickness. Therefore in
this work, Lorenz number is usually taken a larger value than 2.4 × 10-8 W·Ω/K2. Specific
value of Lorenz number is dependent on the film thickness and also the material of the film.
Using temperature and resistance at steady state, the real thermal conductivity of sample is
determined based on Eq. (8), and the portion of contribution from the metallic coating is
also known. Same strategy is also applied to calculate the real thermal diffusivity of the
sample after the effective volume-based specific heat is obtained as Ceff = ρcp = keff / aeff.
Then the real thermal diffusivity is expressed as

α s = α eff −

LLorenzTL
,
RAs Ceff

(9)

With known real thermal conductivity and thermal diffusivity, if the specific heat
can be specified with the measured sample, the real density of the material is then derived
precisely. Mostly due to nature of different fabrication techniques, the density of
synthesized materials is differently from its bulk value, slightly or sometimes significantly.
For this reason, to accurately determine the density of the materials bears substantial
importance, for understanding the principles of small-scale thermal transport phenomenon.

Radiation heat transfer from the film surface may be an important issue to be
considered in this work. For radiation heat transfer from film surface, it can be
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approximated by qrad=εσA[(T0+∆T)4-T04], where ∆T is the average temperature rise over the
sample, ε is the surface emissivity, σ the Stefan-Boltzmann constant, A is the effective
surface area for radiation heat transfer (equals to 2(W+D)·L). Meanwhile, from the
expression to calculation thermal conductivity in TET technique, the heat generation is
estimated as qgen=V12k∆T/L2, in which the V is the volume of sample and expressed as
W·D·L. This radiation and heat generation estimation is for the steady state of the thin film
with a uniform heat generation inside. Although a simple ratio between the radiation heat
flow and heat generation cannot precisely represent the experimental case, it provides a
sound first-order approximation of the radiation effect. The ratio of radiation to overall heat
generation is estimated as,
3
2
2
3
4
qrad εσ ⋅ 2 (W + D ) L ⋅ ( 4T0 ∆T + 6T0 ∆T + 4T0 ∆T + ∆T )
=
WDL ⋅12k ∆T
qgen
L2
2εσ T03 L2
≈
3kD

(∆T = T0 , D = W )
,

(10)

This ratio is derived based on assumption that ∆T << T0 and thickness of film is
small enough compared to other two dimensions. At transient state, the ratio is even smaller
due to gradually increasing temperature. For instance, for an arbitrary P3HT thin film, it is
estimated that the ratio is even less than 1%, by varying the length from 2mm to 4mm. In
conclusion, the radiation heat transfer in this model is negligible compared to the heat
conduction along the sample, if the geometry of sample is accordingly controlled.
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2.4 Pulsed laser assisted thermal relaxation 2 (PLTR2) technique
As discussed in previous section, TET technique uses a step DC current as thermal
excitation to induce temperature rise. Upon heating, it will take a certain time to reach the
steady state. This time it takes is strongly dependent on the thermophysical properties and
geometry of to-be-measured samples. However, limited by the slow rise time of the current
source (~2 µs), it is hard to implement TET on short sample or along thickness direction.
Therefore PLTR2 technique is developed to overcome the drawbacks of TET technique to
characterize thermal transport along short samples.

2.4.1 Experiment setup of PLTR2
Different from TET technique, PLTR2 [45] is a laser-based technique that is
capable to simultaneously determine thermal properties along both in-plane and cross-plane
from a single measurement. This technique originates from flash technique and a distinct
difference is that, instead of using infrared detector to probe temperature rise on back
surface, constant electricity is always fed through the film to sense the resistance change.
Because of the enhancement of electrical conduction in P3HT film, resistance change is
used to depict temperature change and consequent to determine the thermal property. A
schematic of PLTR2 is shown in Fig. 2-4. This sketch about experimental setup of PLTR2
technique is not scaled. Using proper coatings, the PLTR2 technique can be used to metallic,
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nonconductive and semiconductive micro- and nanoscale materials. In Fig. 2-4, a coating
configuration is presented to demonstrate how a semi-/nonconductive materials is
characterized using PLTR2.

Oscilloscope
Current source
Nd:YAG laser

Gold film on top for
absorbing laser pulse and no
electrical contact

P3HT film
Silver paste

Electrode
Electrode
To absorb laser heating

Temperature

To sense temperature change

Temperature

Time (second)

Laser flash to determine crossthickness thermal diffusivity

PLTR to determine in-plane
thermal diffusivity

Time (second)

PLTR2

Figure 2-4. Experimental principle for applying TET and PLTR2 techniques to
characterize 3-dimensional anisotropic thermal transport in P3HT microfilm.
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As seen in Fig. 2-4, experimental setup of PLTR2 is analogous to TET, except that
PLTR2 utilizes a pulsed laser for thermal excitation purpose. In the whole experiment, a
small amount of DC current is fed through the sample to probe the temperature change and
an ultrafast oscilloscope is applied to record the consequent voltage variation with time, as
shown in Fig. 2-4. Usually, gold coating is applied to enhance the electrical conduction is
the sample does not embrace strong metallic characteristics. Different from TET technique,
both sides of the sample need to be coated and coating on each side fulfills different
purposes. The gold film on top surface is for absorption of laser beam. Absorbed laser
energy excites the electrons in neighboring thin layers. Due to the relatively small
electronic heat capacity, the electron temperature increases soon and then hot electrons
interact with lattice in the gold layer through scattering, causing the temperature of the
whole gold layer to rise immediately. The absorbed energy then transfers from gold layer to
underlying P3HT film through phonon-phonon scattering. This vertical thermal transport
process happens in extremely fast manner such as a few hundred of microseconds. After the
whole sample reaches uniform temperature, thermal energy will be dissipated to
surroundings via the contact with electrodes and heat transfer along the length direction will
be a much slower process compared with the temperature rise vertically.
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2.4.2 Physical model of PLTR2 technique
It is distinctly observed in Fig. 2-4 that every signal from PLTR2 measurement
comprises two states. For the instantaneous vertical temperature increase, Parker
analytically analyzed it in flash technique [131] and the thermal diffusivity is expressed as,

α = 1.38 D 2 / π 2t1 2 ,

(11)

where the t1/2 is the time required to reach half of the maximum temperature rise and D is
the thickness of P3HT thin film.

The vertical thermal transport is followed by a relatively slow heat transfer along
length direction due to the dissipation of thermal energy to surroundings. Because the
length of thin film is significantly greater than then thickness, the physical model is
simplified to be one dimension (in the length direction of the film). One-dimensional heat
diffusion equation is then used to describe the thermal relaxation,

∂( ρ c pT )
∂t

∂ 2T
= k 2 + q0 ,
∂x

 s, 0 ≤ t ≤ ∆t
q0 = 
,
0, t > ∆t

(12)

where the q0 includes both joule heating and laser pulse heating. Because the joule heating
introduced by a constant DC current contributes only steady temperature distribution during
the whole process, only laser pulse heating is considered here. ∆t is the laser pulse width
and the laser intensity is assumed to be constant during ∆t (~ 7 ns). This laser heating time
is drastically smaller than characteristic time of heat diffusion in sample. This equation can
be solved using Green’s function and more details can refer to another work in our group.
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Only analytical solution is presented here for analyze. Integration of the solution T(x, t)
along the length direction gives the temporal temperature variation and it is then normalized
to be,

1 L
T ( x, t )dx
L ∫x =0
 2 ∞ 1 − exp  − ( 2m − 1)2 π 2α t / L2 

 (0 < t ≤ ∆t )
 8sL
4
 kπ 4 ∑
m =1
( 2m − 1)

=
2
2
 8sL2 ∞ exp  − ( 2m − 1) π 2α t / L2  exp ( 2m − 1) π 2α∆t / L2  − 1




 4∑
4
kπ m=1
( 2m − 1)


T (t ) =

{

}

(t > ∆t )
(13)

Since only temperature decay after laser heating is the process that we are interested
in, the solution for time larger than ∆t is considered and is then normalized as
T * = T ( t ) − Tmin  Tmax − Tmin  . Here Tmin is 0 and Tmax is the maximum temperature rise

of the sample. During the laser irradiation, the heat transfer in sample’s length direction is
neglected because the ultrafast time scale. Therefore Tmax is calculated as q0 ∆t / ρcP based
on the energy conservation. Then the normalized temperature relaxation can be written as

{

}

 − ( 2m − 1)2 π 2α t / L2  exp ( 2m − 1)2 π 2α∆t / L2  − 1
exp
8L




T* =
.
4
4 ∑
α∆tπ m=1
( 2m − 1)
2

∞

(14)
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Since the pulse time ∆t is only a few nanoseconds, exp ( 2m − 1) π 2α∆t / L2  is


2

simplified as 1 + ( 2 m − 1) π 2α ∆t / L2 using Taylor expansions. Further convergence study is
2

carried out and proves that when ∆t is small, the term of (2m-1)2 is small enough by taking
m as 15. Therefore further simplifications are made to Eq. (14) give a temporal temperature
distribution for the thermal relaxation process,
exp  − ( 2m − 1) π 2α t / L2 

 .
*
T = 2∑
2
π m =1
( 2m − 1)
8

∞

2

(15)

This equation demonstrates that for any material with arbitrary length, normalized
temperature relaxation follows the same profile with respect to the Fourier number (Fo =

αt/L2). Fitting method is applied to vary the thermal diffusivity to obtain the best value
which gives minimum difference. In practice, the laser beam has Gaussian distribution in
space. To suppress the spatial non-uniformity of the laser beam, the beam spot is chosen to
be larger than the length of film, ensuring that laser intensity distribution over the sample is
uniform.
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CHAPTER 3. THERMAL TRANSPORT IN ORGANIC MICRO-FILMS
In this chapter, thermal properties and porosity of micro-scale thin films will be
investigated using TET technique with calibration of the temperature coefficient of
resistance. The materials introduced in this chapter include two different kinds: inorganic
semi-conductive anatase titanium dioxide (TiO2) thin film and organic conductive Poly(3hexylthiophene) (P3HT) thin film. Different fabrication techniques induce different interior
structures and consequently cause distinct thermophysical properties. This chapter will
focus on organic P3HT thin films while the anatase TiO2 thin film is introduced in next
chapter. Section 3.1 and 3.2 focuses on P3HT film, including sample preparation, relevant
experimental details of the TET technique and the calibration, measured results and
discussions. In section 3.3, P3HT thin films are investigated and the relationship between
the interior structure and thermophysical properties are presented. Additionally, section 3.4
discussed about the anisotropy in thermal property of spin-coated P3HT film and PLTR2
technique is applied to study the anisotropic thermal properties, showing that anisotropic
factor is large than 1 and partial orientation caused by the spin coating process exists within
the polymer thin films.

3.1 Sample preparation
Regioregular P3HT (average molecular weight = 50,000 MW) was purchased from
Rieke Metals and anhydrous chloroform is obtained from Sigma Aldrich. As-purchased
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compounds are used without further processing. Preparation of P3HT solution was
conducted in an argon glove compartment and the solution is then magnetically stirred in a
capped vial for 1 hour, with auxiliary heating up to 50 °C to help dissolve. The P3HT thin
film was prepared in air by spin-coating at 5000 rpm for 45 s in a Pyrex glass dish.
Thickness of the P3HT thin film may slightly vary from spot to spot because the bottom of
the dish is not absolutely flat. Although P3HT is a conductive polymer material, the
relatively poor electrical conductivity is not sufficient for acquiring strong signal in our
thermal characterization experiment. Therefore after the P3HT thin film was removed from
the dish, it was coated with an ultra-thin gold layer for enhancing electric current
conducting and thermal sensing purpose. The coating procedure was done using a Denton
vacuum sputtering device and continued for 100 s, which is estimated to generate a gold
coating of 50 nm thickness. Further discussion will be given later to examine the influence
of the gold coating on thermophysical properties measurement later. In order to identity the
crystal structure of the P3HT thin film, A Voyage confocal Raman spectroscopy was used
and a comparison of typical Raman spectrums of the prepared P3HT thin films is presented
in Fig. 3-1, with excitation laser of 532 nm wavelength, 0.2 mW power and 3×10 µm2 spot
size. A scan time of 30 s is chosen for all samples and the orientations of samples are all
perpendicular to the laser. It can be observed that for P3HT films fabricated from solutions
of different P3HT weight percentages, the Raman spectra follow similar distributions and
the characteristic bands are distinctly observed for every P3HT thin film, while the intensity
varies with P3HT solution weight percentage. Among all spectra, the band with a maximum
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value around 1448 cm-1 is related to the Cα = Cβ bond of the thiophene ring, while the other
peak around 1382 cm-1 represents the Cα − Cβ bond stretching [132]. Exact value of the
peaks for different films may be moderately different but close enough. Under identical
integration time higher P3HT solution weight percentage gives sharper and more distinct
peaks. For the Raman spectrum peak height, it is proportional to [1-exp(-2z0/τ)] where z0 is
the film thickness and τ the optical absorption depth. τ is proportional to the inverse of film
density (ρ). As discussed later (Fig. 3-4), when the P3HT solution weight percentage is
higher during fabrication, the fabricated film is thicker and has a higher density. This
explains why the higher P3HT solution weight percentage in fabrication gives higher
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Figure 3-1. Comparison of Raman spectrum of P3HT thin films fabricated with
different P3HT solution weight percentages.
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3.2 Experiment procedures
For Au-coated P3HT thin films, the electrical conductance and thermal conductance
are significantly enhanced compared with bare samples. Calibration procedure is conducted
before the TET measurement to determine the temperature coefficient of resistance for the
P3HT thin films. As discussed before, the Au-coated P3HT thin film was suspended
between two aluminum electrodes by silver paste and a K-type thermocouple was attached
to measure the temperature change of the P3HT thin film. Although the thermocouple is
pasted to the electrode surface, an assumption is made that the temperature readings
represent the P3HT thin film’s temperature since the film is in excellent contact with the
electrode surface using the silver paste. The calibration procedure was conducted in the
vacuum chamber the pressure in which is kept lower than 10-3 Torr to reduce unnecessary
heat convection to air. During the calibration, a DC voltage of about 44 V was engaged for
the heater placed under the stage and the temperature variation during calibration is
controlled between 25 °C and 60 °C to avoid potential damage to the P3HT thin film.
Temperature and resistance readings during the cooling phase were collected because in the
cooling phase there is no heat generation in the heater and the heat transfer is relatively
slow compared to the heating process. Therefore the collected temperature can be assumed
the evenly-distributed temperature of the suspended P3HT thin film.

After the calibration procedure is completed, TET experiment setup was performed
after the temperature-resistance calibration procedure. During the TET experiment, a step
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DC current of about a few mA (I) was fed through the P3HT thin film to generate electrical
heat. Transient temperature increase of the P3HT thin film is strongly dependent on the heat
transfer within the film and it then leads to resistance change and induces an overall voltage
change. The voltage change of P3HT thin film under the fed DC current was collected by
an oscilloscope. Details about TET technique are introduced in Chapter 2 and a sample
profile is also given in Fig. 2-2.

3.3 Results and discussions
3.3.1 TET measurement of thermal conductivity and thermal diffusivity

All prepared P3HT thin films are about 20-50 µm thick. The thickness measurement
has about 10% uncertainty and its impact on the final results will be discussed later. In this
section, a selected P3HT thin film is chosen to demonstrate the experiment and postprocessing procedure. All details of this film are listed in Table 3-1 while a microscopic
image is presented in Fig. 3-2(a) to show its real dimensions during the measurement.
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Table 3-1. Details of the experimental parameters and results for a selected P3HT thin
film characterized by using the TET technique.

Length (mm)

3.66

Width (mm)

0.29

Thickness (µm)

33.0

Resistance (Ω)

34.0

DC current (mA)

6.00

Weight percentage (wt%)

3.00

Effective density (kg/m3)

1200

Measured thermal diffusivity (×10-7 m2/s)

8.06

Real thermal diffusivity (×10-7 m2/s)

7.64

Effective thermal conductivity (W/m·K)

1.57

Real thermal conductivity (W/m·K)

1.48

As discussed in Guo’s work [126], theoretical fitting of the normalized experimental
temperature rise (Eq. (4)) is conducted by using different trial values of the thermal
diffusivity of the sample. The value giving the best fit of the experimental data is taken as
the property of the film. Fitting of the experimental data for this film is illustrated in Fig. 32(b) and the thermal diffusivity is determined at 8.06×10-7 m2/s, which still includes the
influence of the gold coating layer. Based on Eq. (9), both the density and specific heat of
this material are required to evaluate this influence. Calorimetric measurements revealed
that for regioregular P3HT an endothermic transition from a crystalline to a liquid
crystalline state occurs at 210-225 °C [15]. However, because of the low temperature range
during our experiment, the endothermic transition is not considered and the specific heat is
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around 1550~1620 J/kg·K, depending on the specific temperature of the P3HT film [15].
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Figure 3-2. (a) Microscopic image of the selected P3HT thin film listed in Table 3-1,
and (b) comparison between the theoretical fitting and experimental data for the
normalized temperature rise versus time.

According to Erwin’s work [14], the density of P3HT thin film can be derived based
on film thickness and the molecular weight of a P3HT monomer and the average value of
density for P3HT thin film is determined at 1.33±0.07 g/cm3 by measuring the thickness
and combining the Rutherford backscattering spectroscopy data. Nevertheless, in this work
the density of every P3HT thin film is individually estimated using obtained thermal
conductivity, thermal diffusivity and specific heat based on the definition of the thermal
diffusivity, α = k/ρcp. The thermal conductivity of the P3HT thin film is calculated from the
calibration procedure of temperature coefficient of resistance η. As analyzed before, the
heating and temperature range are moderate to assure the P3HT thin film is intact, and a
typical calibration profile of the P3HT thin film in Table 3-1 is displayed in Fig. 3-3. A
distinct linear temperature-resistance relationship similar to an excellent conductor is
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presented and linear fitting is used to obtain the temperature coefficient of resistance, which
is 3.04×10-2 Ω/Κ for this P3HT thin film. With 6 mA DC current passing through this film,
the resistance change is calculated to be 0.76 Ω and the consequent temperature change is
25.1 K, which is in the expected temperature variation range and assures the P3HT thin film
undamaged during the experiment procedure. The thermal conductivity is derived based on
previous expression as 1.57 W/m·K. Then the effective density of the P3HT thin film in
Table 3-1 is calculated to be 1200 kg/m3, which is close to the literature value considering
the measurement uncertainty.
35.5

Resistance (Ω
Ω)

R = 25.071+0.030379T
35

34.5

34
300

305

310

315

320

325

330
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Figure 3-3. Linear fitting curve of temperature coefficient of resistance for the P3HT
film in Table 3-1.

The thermal diffusivity and thermal conductivity for calculating the density are both
effective values that include the effect of gold coatings. In order to rule out the impact,
modification is performed with known dimensional parameters and physical properties. The
real thermal diffusivity is 7.64×10-7 m2/s and the real thermal conductivity is 1.48 W/m·K
based on Eq. (9) and (8), implying that the impact of gold coating is small (around 5%).
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The obtained thermal conductivity is higher than typical value for polymer material that is
less than 1 W/m·K.

3.3.2 Thermophysical

properties

of

P3HT

thin

films

with

different

dimensions
Table 3-2. Experimental data and results of all P3HT thin films

# Length
(mm)

Width
(mm)

Thickness
(µm)

%

I
(mA)

α

∆R/∆T
(Ω/K)

(kg/m3)

(×10
m2/s)

k
(W/m·
K)

ρ

-7

1

2.60

0.23

26.0

2.0

6.0

0.019

878

9.00

1.29

2

2.65

0.43

22.0

2.0

8.0

0.018

1030

8.79

1.45

3

3.24

0.29

18.0

3.0

5.0

0.023

935

10.3

1.55

4

3.66

0.29

33.0

3.0

6.0

0.030

1200

7.64

1.48

5

3.05

0.50

35.0

5.0

5.0

0.062

1590

6.14

1.57

6

2.98

0.39

39.0

5.0

5.0

0.062

1640

6.33

1.67

7

3.32

0.42

31.0

7.0

8.0

0.025

1470

6.79

1.59

8

2.14

0.32

52.0

7.0

15.

0.008

1570

5.75

1.44

P3HT thin films fabricated from solutions of different P3HT weight percentages are
measured to explore the relationship between the weight percentage and thermophysical
properties. However, even though under the same weight percentage, the internal structure
of fabricated samples may still have slight difference and therefore the measured data from
the same weight percentage are treated separately instead of exploring the average values.
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The obtained data still demonstrate certain trend when minor deviations exist within the
data from the same weight percentages. Detailed information about all P3HT thin films is
listed in Table 3-2, along with the real thermophysical properties and effective density. The
thermal conductivity and diffusivity in Table 3-2 are the values exclusive of gold coating
effect. Because of different P3HT solution weight percentages, the densities of spin-coated
P3HT thin films are different, varying from 878 to 1640 kg/m3 while the literature value is
around 1330 kg/m3 [14]. This variation is supported by the Raman spectra shown in Fig. 31 in which it can be seen that higher P3HT solution weight percentage contributes to more
distinct band. When the weight percentage increases from 2 wt% to 7 wt%, the average
density of all P3HT thin films at each weight percentage increases from 954 kg/m3 to 1520
kg/m3. Higher weight percentage gives higher density when the values around 7 wt% have
deviations which may be attributed to the uncertainty introduced by thermal conductivity
measurement. The thickness is also believed to be impacted by the P3HT solution weight
percentage. When it changes as 2, 3, 5 and 7 wt%, the average thickness of P3HT thin films
at each solution weight percentage is measured at 24, 26, 37 and 42 µm, respectively. The
flatness of the film surface varies from spot to spot because of the quick spin-coating
process and different weight percentages. Surface flatness is an important factor to import
errors into the thickness measurement, which consequently impact the measured thermal
properties. When preparing the P3HT solution, higher weight percentage gives higher
viscosity of the solution. Therefore during the spin-coating procedure, thicker film is
fabricated with higher viscosity. Detailed relation between the thickness, density and the
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P3HT weight percentage during fabrication is illustrated in Fig. 3-4.
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Figure 3-4. Thickness and density of P3HT thin films versus the P3HT solution weight
percentage, and the curves are used to guide eyes to view the data trend.

Figure 3-5(a) shows the variation of thermal conductivity and thermal diffusivity
versus the P3HT solution weight percentage. For thermal conductivity, it shows
insignificant change but only slight vibration around 1.5 W/m·K with average deviation less
than 15%. Therefore considering the measurement uncertainty, this deviation is not distinct
and the P3HT solution weight percentages can be concluded to have little influence on the
thermal conductivity. On the other hand, the thermal diffusivity shows significant impact
from the P3HT solution weight percentages. When weight percentage ascends from 2 wt%
to 7 wt%, the thermal diffusivity descends from 8.90×10-7 to 6.27×10-7 m2/s. This decrease
of the thermal diffusivity is mostly induced by the density increase as shown in Fig. 3-4. An
X-ray diffraction (XRD) analysis performed with Siemens D500 is presented in Fig. 3-5(b).
3 peaks are observed at 5.4, 10.8 and 16.3 °. From the separation of each peak, it can be
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identified that the three peaks represent three parallel crystal planes, each of which can be
reasonably assigned to (001), (002) and (003) plane, respectively. A single spacing
separation is calculated to be 16.4 Å [133] from XRD data. The XRD of all P3HT thin
films indicates that with different P3HT solution weight percentages the XRD profiles
follow same peak values and plane separations. It means the crystal structure of all P3HT
thin films fabricated from P3HT solution of different weight percentages does not
demonstrate distinct difference.
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Figure 3-5. (a) thermal conductivity and thermal diffusivity of P3HT thin films versus
the P3HT solution weight percentage. The curves are to guide the view of data trend.
(b) XRD graph of P3HT thin films fabricated from solutions of different weight.
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In Figure 3-6 the relationships between density and thermal diffusivity and thermal
conductivity are presented. Because the structure of fabricated P3HT films embraces loose
nature, density may vary distinctly dependent on the fabrication conditions and it becomes
an important physical property of P3HT. Compared with the P3HT solution weight
percentage, the density proves to be a better parameter to study the variation of thermal
conductivity and thermal diffusivity. The thermal conductivity slightly increases from 1.29
W/m·K to 1.67 W/m·K with density increase. The variation range of thermal conductivity is
about 30% within the density scope. Although the impact of density on the thermal
diffusivity is also not strong, the thermal diffusivity shows contrary influence from density
when it decreases from 1.03×10-6 to 5.75×10-7 m2/s with little deviation. It can be
concluded that although density affects both thermophysical properties, the tendencies are
different. Thermal conductivity only relies on the amount of phonons and the scattering
process inside the material. Undoubtedly with similar crystal structures higher density
means less cavity and higher thermal conductivity. On the other hand, the thermal
diffusivity is a ratio of the material’s ability to conduct thermal energy over the capability
to store thermal energy. The effect of density on storing energy is more than that on
increasing thermal conductivity. The comprehensive effect is that the thermal diffusivity
decreases with increasing density, which is contrary to the trend of thermal conductivity.
Compared with the P3HT solution weight percentage, density exhibits stronger influence on
the variation tendency of the thermophysical properties. In Fig. 3-5(a), the profiles can be
simply interpreted as variations within a certain range while in Fig. 3-6 the profiles give
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more distinct tendencies with changing parameters. Because the crystal structures are
identical for all P3HT thin films, and P3HT solution of same weight percentage probably
yields different density, the density can be treated as a more representative factor to explain
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Figure 3-6. Thermal conductivity and thermal diffusivity versus the density of the
P3HT thin films listed in Table 3-2, and the curves are used to guide eyes to view the
data trend.

For error assessment purpose, error bars are also shown in Fig. 3-4, 3-5(a) and 3-6.
As analyzed before in this section, the major contributor of errors is the measurement of
dimensions, especially the thickness. Although the deformation caused by micrometer
caliper is usually just 1-2 µm, it is not negligible in this experiment because the extremely
thin film thickness is only around 20-50 µm. Therefore the maximum measurement
uncertainty from the thickness is evaluated to be about 10%, as shown by the error bars in
Fig. 3-4. For film length and width, they are read directly from the pictures taken by
microscopy and the errors are assumed to be as small as 1%. All experimental devices and
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equipment, such as the constant current source, oscilloscope and digital multi-meter are
calibrated before the measurement. Therefore the uncertainties from current and resistance
readings are negligible. From the equation to calculate effective thermal conductivity, the
total uncertainty of k is about 10.1%, demonstrating that the largest uncertainty generates
from the measurement of thickness.

For thermal diffusivity, it is directly measured with TET technique and the error is
estimated to be 6% as shown by the other two profiles in Fig. 3-2(b). This value is
determined by changing the thermal diffusivity to examine if any distinct deviation
generates. With thermal conductivity and thermal diffusivity, the uncertainty of density can
also be derived and is estimated to be around 12% according to error propagation theory.
After obtaining the errors of all necessary variables, the uncertainties of real thermal
diffusivity and real thermal conductivity are calculated to be 6.4% based Eq. (9) and 10.7%
based on Eq. (8) after subtracting the impact from gold coating, respectively. Error bars for
both thermal properties are added in Fig. 3-5(a) and 3-6 to better assist to present the
uncertainties in this experiment.
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3.4 Anisotropic thermal transport in P3HT thin film
3.4.1 3-dimensisonal anisotropic thermal characterization
P3HT thin film with strong anisotropic crystal structures is synthesized using spincoating process. Different from ultradrawn polymer films, the draw ratio of P3HT film is
not expected to be high. Although strong centrifugal force stretches the molecular chains to
orientate along particular direction, the effect is not as strong as the films stretched
afterwards. In addition, during the spin-coating process, the chloroform content quickly
evaporates and the formed molecular chains contract to certain level. Therefore, the caused
anisotropy in crystal structure is not as ideal as expected with ultradrawn polymer films and
the molecular chains are mostly with partial alignments regarding specific orientation. The
sample preparation is shown in Fig. 3-7(a) and a small rectangular structure is chosen to
demonstrate the partially aligned anisotropy in the spin-coated P3HT films. A Cartesian
coordinate system is shown in Fig. 3-7(a) to demonstrate how the three-dimensional
anisotropic thermal property is defined. x-y plane is the plane in which P3HT molecular
chains are formed. In this plane, two separate directions are again identified based on the
orientation of molecular chains. One is the direction parallel to the orientation (x-axis) and
the other is perpendicular to the orientation (y-axis). z-axis represents the thermal
diffusivity at cross-plane direction. Atomic force microscopy is applied to diagnose the
topography of the spin-coated film. Images of different scales in Fig. 3-7(b) show that no
evident microstructure is observed. The initial state as obtained from spin coating is
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amorphous and the crystallinity is much lower. Annealing is expected to assist transition to
higher crystallinity and better alignment [15].
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Figure 3-7. (a) A schematic of the molecular structure of a P3HT thin film. The spincoating process causes the molecular chains to partially align parallel in x-y plane. (b)
AFM images of spin-coated P3HT film as prepared at 3×3 µm (left) and 10×10 µm
(right).

In this section, one P3HT thin film is particular selected to demonstrate the
anisotropic thermal characterization process and post data analysis using both PLTR2 and
TET techniques. Experimental setup for PLTR2 can be referred to Fig. 2-4. Pulsed
Nd:YAG laser (Quantra-Ray) of 1064 nm wavelength is utilized to provide periodical laser
irradiation. Temporal span of each pulse is about 6 to 8 ns and the energy is about 200 nJ.
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Laser beam spatially obeys Gaussian distribution and the size of beam spot is about 8mm. It
is much larger than the P3HT film length, which is around 2-4 mm. Size comparison
between laser beam spot and P3HT film supports the assumption made in PLTR2 analytical
model that the film receives uniform laser irradiation. Constant DC signal provided by a
current source (Keithley 6221) is fed through the film through the whole measurement.
Magnitude of the DC signal is carefully selected to ensure both appreciable voltage signal
level and minimum joule heating. An oscilloscope (Tektronix TDS 7054 digital phosphor
oscilloscope) is connected to the film to record voltage variation for data analysis. As seen
in Fig. 2-4, the recorded voltage profile contains information for determining both in-plane
and out-of-plane thermal properties. In Fig. 3-8(a), for the selected P3HT thin film, fitting
profile of thermal decay for deducing in-plane thermal diffusivity is presented and the
thermal diffusivity is determined to be 4.66 × 10-6 m2/s. By varying the value of thermal
diffusivity, the uncertainty of the in-plane thermal diffusivity derived to be 10% using
PLTE2 technique when distinct deviation is observed. For out-of-plane thermal diffusivity,
it is calculated directly based on the rapid temperature rise under laser irradiation, as shown
in Fig. 3-8(b). The time to reach half of the maximum temperature rise, t1/2, is determined
from this graph and then is used to deduce the out-of-plane thermal diffusivity using Eq.
(11). However, as observed in this graph, the temperature rise profile is not smooth and
contains oscillation in data. Further examination shows that the voltage increase is just
slightly greater than 1.5 mV and very comparable to the noise level, which is around
0.3mA. Based on the laser flash theory, thermal excitation is applied on front surface and

www.manaraa.com

66

consequent temperature increase on rear surface is probed for analysis. However, the
maximum front surface temperature rise of front surface under laser irradiation is estimated
to be tens of times greater than the maximum temperature at the rear surface. In order to
induce the appreciable temperature change, the laser energy exerted on front surface of the
P3HT film needs to be strong but destruction may probably be caused to the film. To
simultaneously keep the sample intact and achieve sensible signal, different values of laser
energy and probing DC current are tried to acquire the best voltage signal. Although the
profile in Fig. 3-8(b) still features obvious oscillation and noise, it is good enough for
derivation of out-of-plane thermal diffusivity. Further analysis using weighted smooth
algorithm to fit original data points helps to determine an accurate value of t1/2. The out-ofplane thermal diffusivity αcross using this strategy is determined to be 2.14 × 10-7 m2/s,
about one order of magnitude lower than the in-plane direction.
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Figure 3-8. (a) Fitting curve to derive the in-plane thermal diffusivity using PLTR2
techniques and (b) Temperature rise curve from pulsed laser irradiation.
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Different from PLTR2 technique using laser irradiation, TET technique applies
electricity as a source of thermal excitation and measures in-plane thermal properties only.
Experiment setup of TET technique is similar to that of PLTR2 as shown in Fig. 2-4, except
that laser apparatus is no longer required. Same current source (Keithley 6221) is used to
supply step current signal and the voltage response is recorded by the high-speed
oscilloscope (Tektronix TDS 7054 digital phosphor oscilloscope). Least square fitting
results from TET techniques is shown in Fig. 3-9(a) and the in-plane thermal diffusivity is
derived to be 4.73 × 10-6 m2/s. The same strategy by altering the thermal diffusivity to
observe appreciable deviation is used to determine the uncertainty of TET technique.
Uncertainty for the thermal diffusivity from TET measurement is about 8%. Comparison
between the in-plane thermal diffusivity determined by TET and PLTR2 significantly
suggests that the in-plane thermal diffusivity is derived with high creditability, with only
about 1.5% difference. From the voltage-time profile in TET technique, thermal
conductivity is further calculated with the calibration process of temperature coefficient of
resistance. To execute the calibration, a heating plate is used to provide heat fluence and
thermocouple is closely attached to the P3HT film, ensuring that the thermometer reading
can accurately reflect the temperature change of thin film. A digital multimeter (Agilent
34401A) is connected to monitor the resistance change. As analyzed before, the heating and
the consequent temperature range are controlled moderate to assure the intactness of P3HT
thin films [134]. A typical calibration profile of this selected P3HT thin film is displayed in
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Fig. 3-9(b). Distinct linear temperature-resistance relationship similar to metallic materials
is presented and the resistance is mainly contributed by the gold film, which strongly
enhances the electrical conduction of the film. The temperature coefficient of resistance is
determined to be 3.54 × 10-2 Ω/K for this film. With 14mA DC current passing through the
film, resistance change is calculated to be just 1.36 Ω and the relevant temperature variation
is 38.4 K, suggesting a modest temperature variation during the calibration. Thermal
conductivity is then derived as 3.98 W/m·K, close to the thermal conductivity of P3HT film
in our previous work [47].
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Figure 3-9. (a) Comparison between theoretical solution and experimental data for
P3HT microfilm using TET and (b) linear fitting graph of temperature coefficient of
resistance for P3HT film.

So far the thermal properties determined using TET and PLTR2 are still effective
values, containing contributions from the gold film. Methodology to exclude effect of gold
film is introduced in previous section. Effective volume-based specific heat is calculated as
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Ceff = ρcp = keff / αeff. Using the effective thermal properties from TET, effective volumebased specific heat is determined to be 0.82 × 10-6 J/m3·K. Value of Lorenz number used in
this work is 4.9 × 10-8 W·Ω/K2, which is chosen considering that the Lorenz number
drastically increases with reduced size. For bulk metals, Lorenz number is used as 2.45 ×
10-8 W·Ω/K2, while for gold film of 10 nm thickness, this value rises to 7.40 × 10-8
W·Ω/K2. Therefore an approximated mid-value (4.90 × 10-8 W·Ω/K2) for Lorenz number is
estimated and used in this work. By subtracting the effect of gold film, in-plane thermal
diffusivity of P3HT thin film is revised as 4.09 × 10-6 m2/s for PLTR2 and 4.12 × 10-6 m2/s
for TET. Therefore the influence from gold films is estimated to be about 12%, indicating
that gold film does not significantly impact the measurement. In-plane thermal conductivity
is modified using Eq. (8) and is derived to be 3.43 W/m·K, implying that the impact of gold
coating is also small (around 14%). Calorimetric measurements revealed that for
regioregular P3HT an endothermic transition from a crystalline to a liquid crystalline state
occurs at 210 - 225 °C [9]. However, because that the temperature during the experiment
spans around 25 - 60°C, the endothermic transition is not considered and the specific heat is
around 1550~1620 J/kg·K, depending on the instantaneous temperature of the P3HT film
[15]. According to Erwin’s work [14], the density of P3HT thin film can be derived based
on film thickness and the molecular weight of a P3HT monomer. The average value of
density for P3HT thin film is determined at 1.33 ± 0.07 g/cm3 by measuring the thickness
and combining the Rutherford backscattering spectroscopy data. Nevertheless, in this work
the density of P3HT thin film is individually estimated using obtained thermal conductivity,
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thermal diffusivity and specific heat, based on the definition of the thermal diffusivity, α =
k / ρcp. The density of the P3HT thin film is calculated to be 506 kg/m3, much lower than
the literature value. Considering that spin-coating process induces highly porous structure,
the density is reasonably lower than bulk value.

3.4.2 Anisotropic thermal transport in microscale P3HT films
Thickness of prepared P3HT thin films varies in a range from 10 to 35 µm. The
thickness measurement is executed using micrometer caliper and the uncertainty is
estimated to be around 10% based on multiple measurements. In this part, 3-dimensional
anisotropy with thermal transport in spin-coated films will be distinguished and studied,
along with explanation from crystal structure perspective. During the spin coating process,
combination of the quick volatilization of chloroform content and intense centrifugal force
has caused visible spinning pattern seen with the spin-coated film (Fig. 3-7(a)), indicating
the existence of particular orientation of molecular chains. Diagnosis of P3HT crystal
structure using Raman spectroscopy verifies that distinct orientation exists within the film
and the spectra is shown in Fig. 3-10. The band with a maximum value around 1448 cm-1 is
related to the Cα=Cβ bond of the thiophene rings, while the small peak around 1382 cm-1
represents Cβ-Cβ bond stretching [132]. By adjusting the angle between polarized laser and
presumed orientation of molecular chains (Cα=Cβ bond), the intensity of peak at 1448 cm-1
drastically changes. Detailed trend is shown in the inset graph of Fig. 3-10. The intensity of
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peak at 1448 cm-1 is at the maximum level at 15º. When the angle increases, the intensity
accordingly decreases and achieves the minimum level at 90º. This variation profile depicts
that there is a direction inside the film along which the Raman spectra give the strongest
signal. This direction is assumed to be the orientation of aligned P3HT molecular chains.
However this profile also explains that the orientation of chains would not be very perfect
and only partial alignment is generated because of the quickly dry process of chloroform
and contraction of polymer molecular chains.
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Figure 3-10. Raman spectra of P3HT film with different angles to the polarized laser.
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Different from previous investigation of anisotropy in polymer film, the thermal
property along all three directions will be studied, as shown by the coordinate system in
Fig. 3-7(a). Investigations along all three directions comprise this 3-dimensional
characterization of anisotropy in P3HT thin films. The spin-coating process causes the
polymer chains to be oriented along a particular direction because of the strong centrifugal
force. In addition, the solvent-drying process induces large stress in the film that squeezes
the polymer molecules into a few microns along the out-of-plane direction. Therefore, the
aligned molecular chains exhibit curvature to certain degrees and the curvature mostly
exists along in-plane direction. This anisotropic distribution of crystal structure is support
by Fig. 3-11(a). A fact worthy of attention is that thermal conductivity can only be directly
measured for parallel and in-plane perpendicular directions because the calibration process
is not applicable for out-of-plane perpendicular direction. However, indirect method is still
feasible to determine the out-of-plane perpendicular thermal conductivity. With known outof-plane perpendicular thermal diffusivity α ⊥ ,out and effective volume-based specific heat

ρcp, the out-of-plane perpendicular thermal conductivity is calculated. In Fig. 3-11(a),
thermal conductivity versus density of P3HT thin films is shown with error bars. It is
observed in this figure that appreciable difference between parallel direction thermal
conductivity k P and perpendicular directions k⊥,in and k ⊥ ,out . For parallel direction, thermal
conductivity k P increases from about 2.0 to 3.5 W/m·K. Along in-plane perpendicular
direction, the thermal conductivity is vibrating around 0.8 W/m·K. The values of thermal
conductivity obtained are close to the results in my previous work about P3HT thin film
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[47]. For out-of-plane direction, the thermal conductivity shows flat trend vibrating around
0.2 W/m·K, indicating the weakest coupling of atomic motions along this direction. In
addition, the thermal conductivities in parallel and in-plane perpendicular directions present
increasing tendency with rising density. Kurabayashi’s work [40] indicated that anisotropy
in the thermal and mechanical properties both result from the anisotropy of the crystalline
domains. The strong coupling of atomic vibrations by covalent bonds along the molecular
chains enhances energy transport and yield more substantial thermal conductivity along
chain direction. Contrarily, weak Van der Waals interaction between the neighboring chains
impedes the transport of lattice vibrations and induces relatively large thermal resistance to
conduction between the Chains. For polymer film that embraces perfectly aligned
structures, the thermal conductivity anisotropy factor kP / k ⊥ ,in is predicted to be greater
than 103 [135]. In this study, the molecular chains in spin-coated film are estimated to be
partially aligned as discussed before. Thus, the thermal conductivity anisotropy factor is
estimated to be varying around 2 to 3, much lower than values for perfectly orientated
structure.

In Fig. 3-11(b), thermal diffusivities for both parallel and perpendicular directions
for all samples are presented with error bars. Analogous to thermal conductivity, thermal
diffusivity also exhibits distinct anisotropy. Among all three directions, thermal diffusivity
in the out-of-plane perpendicular direction, α ⊥ ,out , varies in the range from 1 to 3×10-7 m2/s.
These values are about one order of magnitude lower than thermal diffusivities in the other
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directions, which are of 10-6 m2/s order. Other than out-of-plane direction, thermal
diffusivity also presents distinguishable anisotropy between parallel and in-plane
perpendicular directions. In parallel direction, aP changes from 2 to 4 × 10-6 m2/s, while in
in-plane perpendicular directions, the thermal diffusivity a⊥ ,in is confined within lower
range from about 6 × 10-7 to 1.2 × 10-6 m2/s. Dependence of thermal diffusivity on density
exhibits opposite tendency compared with the thermal conductivity. Higher density induces
lower thermal diffusivity, as observed in my previous work [47] regarding the P3HT film.
Thermal conductivity only relies on the densities of phonons and the scattering inside film.
Therefore with similar crystal structures, higher density means less cavity and enhanced
thermal transport. Nevertheless, the thermal diffusivity is a ratio of material’s ability to
conduct thermal energy over the capability to store thermal energy. Probably because effect
of density on storing energy is stronger than enhancing thermal transport, the overall effect
is that thermal diffusivity decreases with increasing density. Furthermore, as described in
experiment section, PLTR2 and TET techniques are both efficient and precise to
characterize anisotropic thermal diffusivity. From Fig. 3-11(b), thermal diffusivities
determined by both techniques are observed to be consistent. Calculated difference ((αPLTR2
- αTET) / αPLTR2) based on two sets of results mostly varies lower than 30%, confirming that
two techniques are capable of characterizing thermal property and results are obtained with
a high credibility. A few outliners probably caused by experiment uncertainty are identified.
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For error assessment purpose, error bars are also shown in Fig. 3-11. As analyzed
before in this section, the major contributor of errors is the measurement of dimensions,
especially the thickness. Although the deformation caused by micrometer caliper is usually
just 1-2 µm, it is not negligible in this experiment because the extremely thin film thickness
is only around 10-35 µm. Therefore the maximum measurement uncertainty from the
thickness is evaluated to be about 10%. For film length and width, they are read directly
from the pictures taken by microscopy and the errors are assumed to be as small as 1%. All
experimental devices and equipment, such as the constant current source, oscilloscope and
digital multi-meter are calibrated before the measurement. Therefore the uncertainties from
current and resistance readings are negligible. From the equation to calculate effective
thermal conductivity, the total uncertainty of keff is about 10.1%, demonstrating that the
largest uncertainty generates from the measurement of thickness.

For thermal diffusivity, the error is estimated to be 8% for TET technique (Fig. 38(a)) and 10% for PLTR2 (Fig. 3-9(a)). These values are determined by changing the
thermal diffusivity to examine distinct deviation. With effective thermal conductivity and
thermal diffusivity, the uncertainty of effective density can also be derived and is estimated
to be around 12.9% according to error propagation theory. After obtaining the errors of all
necessary variables, the uncertainties of real thermal diffusivity from TET technique and
from PLTR2 are then calculated to be 8.6% and 10.8%, respectively, based on Eq. (9).
Uncertainty for real thermal conductivity of P3HT thin films is 10.7% based on Eq. (8),
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after subtracting the impact from gold film. Then real density of P3HT films is determined
from real thermal properties and the error is estimated to be 14.5%. For out-of-plane
perpendicular direction, thermal diffusivity presents relatively stronger noise level and the
uncertainty contains contribution from thickness measurement and reading of the parameter
t1/2. It is estimated that errors of out-of-plane perpendicular thermal diffusivity and thermal
conductivity are about 17.3% and 22.0%, respectively. Error bars for thermal properties and
density are added in Fig. 3-11 to present the uncertainties in this experiment.
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Figure 3-11. (a) In-plane thermal conductivity versus density of P3HT thin films and
(b) 3-dimensional anisotropic thermal diffusivity versus density of P3HT thin films.
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CHAPTER 4. THIN FILMS COMPOSED OF NANOWIRES
Different from the P3HT thin films fabricated using spin coating process, TiO2 thin
film is synthesized using electrospinning technique combined with TiO2 pre-cursor. For
spin coating technique, strong centrifugal force stretches and also aligns each molecular
chain along certain orientations. Therefore, the induced crystal structure demonstrates
alignment to certain extent. Electrospinning also impose strong electrical force and
stretches the solution into single nanowires in a very quick manner. However the
orientation of as-spun nanowires is more controllable than film fabricated from spin coating
process. In this chapter, no special treatment is imposed on the collection of electrospun
nanowires and the distribution of nanowires is random and show interconnected network. In
next chapter, it will be seen that if special treatment is done to the collection, highly aligned
structure is also feasible.

4.1 Sample preparation
Electrospinning technique [76] is employed for preparing fibular mesostructure
composed of nanowires and the experimental setup can be referred to Fig. 4-1. In this
procedure, 1.5 g of titanium tetraisopropoxide [Ti(OiPr)4] was mixed with 3 mL of acetic
acid and 3 mL of ethanol. After 10 minutes, the solution was mixed with another 7.5 mL of
ethanol containing 0.45 g of PVP (Aldrich, Mw=1,300,000), followed by magnetic stirring
for about 1 hour in a capped vial. The well-stirred solution was immediately loaded into a
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syringe equipped with a 23 gauge stainless steel needle. The needle was connected to a 20
KV ultra-high voltage which was supplied by a power supply and a voltage amplifier that
was able to amplify an input voltage by 1000 times. A plate wrapped by aluminum foil was
placed 6 cm below the needle tip for collecting purpose. The whole electrospinning process
was performed in open air. With the ultra-high electric field around kV/cm, the polymer
solution in the syringe was injected from the needle and was stretched into continuous
ultrathin fibers. Given certain duration time, the fibers collected by the aluminum foil form
a thin film, which actually consist of numerous discrete nanowires.
Aluminum collector

Polymer solution

Syringe

Solution jet
High voltage supply

Figure 4-1. Schematic illustration of the experimental setup for the electrospinning
technique.

The as-spun film was left in open air for about 5 hours to let the continued
hydrolysis of Ti(OiPr)4 to complete and then the PVP compound was selectively removed
from annealing in open air at 500 ºC for 3 hours. Atomic Force Microscopy (AFM) was
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employed to study the surface topography of samples both before and after annealing, and
the images are presented in Fig. 4-2. As observed in these images, each individual nanowire
has approximately uniform cross-sectional area, and the average diameter is in the range
from 300 to 1050 nm (left image in Fig. 4-2). Because Ti(OiPr)4 can be rapidly hydrolyzed
by moisture in the air, continuous networks (gel) of TiO2 sols are able to keep forming in
the nanowires. As the PVP is selectively removed from the sample using annealing, the
nanowires maintain the continuous structures and the average diameter decreases to about
200 to 700 nm (right image in Fig. 4-2). This size reduction could be explained by the
evaporation of PVP from the nanowires and also the crystallization of TiO2.

Unit: nm

Unit: nm

Figure 4-2. AFM images of nanostructure of TiO2 thin film: (left) before annealing;
(right) after annealing.

In order to precisely identify the polymorph of synthesized TiO2 samples, Raman
spectroscopy examination was conducted on the samples and the spectrums of as-prepared
and annealed samples are presented in Fig. 4-3. For as-prepared film at room temperature it
indicates no distinct peaks but trivial fluctuation. On the other hand, explicit Raman peaks
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are observed with the annealed sample. Broader features are located in the range from 100
to 1000 cm-1 and 4 distinct Raman peaks are observed at 135, 392, 515, and 633 cm-1. This
peak distribution is in perfect accordance with previous results [136], and the annealed
sample can be identified as anatase polymorph of TiO2. The Raman peak at 135 cm-1 is
very sharp and it has been identified as a symbolic peak for anatase crystal structure when
comparing to rutile crystal, which is another typical polymorph of TiO2 and can be
transformed into from anatase under higher temperature annealing. Based on the GF-matrix
method using the force constants given in Ohsaka’s work [136], the peaks at 135 cm-1, 392
cm-1 are the O-Ti-O bending type vibrations and the other modes of peaks at 515 cm-1, 633
cm-1 represent Ti-O bond stretching type vibrations.
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Figure 4-3. Raman spectrum of TiO2 film at room temperatures and 500 °C.

After obtaining anatase TiO2 thin films, coating process is necessary for the samples
to be efficiently measured by TET technique and calibration process, as introduced in
Chapter 2. Because of the poor electrical conductivity of TiO2 for acquiring strong signal,

www.manaraa.com

82

an ultra-thin Au film is coated on one side of the film to make it capable of quickly
conducting transient electric current and thermal sensing. The coating procedure is executed
by using a Denton vacuum coating device and the coating process continues for 200 s,
which is estimated to generate a film of 100 nm thickness and is longer than the time
applied on P3HT samples. Coating times for different materials are significantly different
and it is attributed to the diverse surface topography and structures. In addition, it is also
strongly dependent on the conducting nature of the fabricated materials.

4.2 Experimental details
Experimental setup for measuring TiO2 thin film is similar to that for P3HT film.
After its electrical conductance and thermal conductance have been strongly improved by
gold coating, the whole sample with the base to hold it was transferred into a vacuum
chamber for follow-up characterizations. The Au-coated film was suspended between two
aluminum electrodes by silver paste and a K-type thermocouple was attached to
simultaneously monitor the temperature change. The whole stage including the aluminum
electrodes and the sample suspended between the electrodes was positioned on a heating
plate. Heat convection effect is minimized so that the one-dimensional heat conduction
model can be used to describe the whole setup. Voltage of about 36 V was provided to
maintain the process moderate and the data recorded when the temperature of sample starts
to decrease from 45 ºC.
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TET measurement was conducted when the temperature of sample reaches room
temperature and keeps stable. The fed current was estimated to be around a few mA based
on the theoretical model. Instant voltage response profile was recorded for further analysis
from the oscilloscope. The applied current should be chosen carefully to make sure firstly
the voltage change is noticeable and strong enough and secondly the current won’t be too
strong to cause excess heat accumulation, which would bring damage to the sample.

4.3 Results and discussions
4.3.1 TET measurement of thermal conductivity and thermal diffusivity
Table 4-1. Details of the experimental parameters and results for a selected TiO2 thin
film characterized by using the TET technique.

Length (mm)

2.63

Width (mm)

0.56

Thickness (µm)

57.0

Resistance (Ω)

44.5

DC current (mA)

4.00

Effective density (kg/m3)

53.1

Measured thermal diffusivity (×10-6 m2/s)

3.20

Real thermal diffusivity (×10-6 m2/s)

2.94

Effective thermal conductivity (W/m·K)

0.13

Real thermal conductivity (W/m·K)

0.12

The thicknesses of all prepared samples are about 60 µm while the length and width
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are of mm scale. The thickness cannot be precisely determined because the fabricated films
bear internal loose structure rather than a tightly condensed one like regular bulk material,
which is clearly demonstrated in AFM images in Fig. 4-2. When an external force is
applied the thickness is easily likely to change and a consequent uncertainty of thickness
measurement is estimated to be 10%, which is included in further discussion. A selected
sample is used to present the experiment and data processing. Detailed information about
the sample dimension and experimental conditions are listed in Table 4-1, and a
microscopic image of this sample is shown in Fig. 4-4(a), in which the length and width are
marked.

In the TET technique, different thermal diffusivity values of the sample are used to
calculate the theoretical temperature rise. The one giving the best of the experimental data
is taken as the property of the sample. The normalized curve generated by the least square
fitting method is displayed in Fig. 4-4(b) for the sample presented in Fig. 4-4(a). Based on
this methodology, the thermal diffusivity of the sample is found at 3.20×10-6 m2/s, which is
close to the literature bulk value of 3.17×10-6 m2/s for TiO2 [137] while the discrepancy
stems from both the interior fiber-like structure that may affect the thermal transport and the
dimension measurement uncertainty. However, what is attained is not the actual thermal
diffusivity of the film. As discussed in the previous section, the TiO2 was coated with a thin
Au film in order to conduct the fed current. The thermal diffusivity obtained by the TET
method has the effect introduced by Au coating and this effect can be ruled out using the
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concept of thermal conductance as indicated in Eq. (9) with known specific heat and
density of the film.
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Figure 4-4. (a) Microscopic image of the selected sample listed in Table 4-1 and (b)
Comparison between normalized temperature rise versus time between theoretical
and experimental data for the sample shown in figure (a).

The specific heat of anatase TiO2 is mostly treated as a constant and does not
change with temperature. However in this study, precise relationship between the
temperature and specific heat is required to suppress the uncertainty. Smith [138] gave
detailed standard molar specific heat for anatase TiO2 at different temperatures. The data is
fitted with a polynomial curve for ease of future calculation, as presented in Fig. 4-5.
Another critical issue in determining the real thermal diffusivity is the density. For bulk
anatase TiO2, the density is measured at 3.89×103 kg/m3 [137]. For loosely-interconnected
samples measured in this work, the density is estimated to be much less than 3.89×103
kg/m3 because of the vacancies among the nanowires that compose the film. Therefore
correct estimation of sample’s density is important for further data processing. In order to
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estimate the density, the thermal conductivity of the film is required to be calculated in
advance.
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Figure 4-5. Polynomial fitting of the relationship between specific heat and
temperature for anatase TiO2. [138]

The thermal conductivity of the sample is obtained using the calibration of
temperature coefficient of resistance η as in previous analysis. The heating power and
temperature range is controlled to be moderate to make sure that the sample would not be
overheated and the unnecessary heat dissipation is negligible. A profile of temperature
coefficient of resistance is displayed in Fig. 4-6 for the sample summarized in Table 4-1.
Because the Au coating significantly strengthens the electrical conduction of the sample,
the obtained calibration profile presents a temperature-resistance property similar to a good
conductor. A linear relationship is fitted to obtain the temperature coefficient of resistance,
which is 2.4×10-2 Ω/K for this sample. With supplied DC current of 4 mA in the TET
experiment, the recorded resistance change of the sample at steady state is 0.89 Ω, which
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further helps to determine the total temperature change is about 36.5 K. According to
expression of thermal conductivity, with known dimensional parameters and power, it is
calculated to be 0.13 W/m·K as listed in Table 4-1 and the effective density is also derived
as keff

(α

eff

)

3

⋅ c p . With this expression, the density is calculated to be 53.11 kg/m , which is

almost two orders of magnitude lower than literature value of about 3.89×103 kg /m3, and
then the modification based on Eq. (9) is available to exclude the influence of Au coating.
The modified real thermal diffusivity of the film is 2.94×10-6 m2/s, which is about 8%
smaller than the effective thermal diffusivity. This indicates that the Au coating has
negligible impact on the entire measurement. The real thermal conductivity of the sample is
obtained using Eq. (8) and the value is also listed in Table 4-1.
44.85

R = 37.013+0.024383T
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Figure 4-6. Linear fitting curve of temperature coefficient of resistance for the sample
listed in Table 4-1.

From Table 4-1, the thermal conductivity of the thin film is only 0.12 W/m·K, more
than one order of magnitude lower than the bulk value, 8.5 W/m·K [137]. It is because the
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loose structure highly reduces the heat conduction inside the film, and the existence of
boundaries oriented perpendicular to the heat flow direction also impacts the effective heat
conduction [63].

4.3.2 Thermophysical properties of samples with different dimensions

Samples of various dimensions are measured in this section to explore the
relationship between the physical parameters and thermophysical properties. Detailed
information of all the samples is listed in Table 4-2, along with the modified
thermophysical properties and effective density. The thermal conductivity and diffusivity in
Table 4-2 are the values after subtracting the effect of the Au coating. Depending on the
duration time and imposed voltage of the electrospinning process, the film thickness varies
from 50 to 80 µm and all of them embrace a loosely-interconnected structure. As in
previous analysis, because of the nature of interior loose structure, the thickness of a sample
cannot be precisely measured and only approximate values are employed in the calculation,
which has introduced about 10% uncertainty into calculation. Calculated thermal
conductivities are one order of magnitude lower than bulk material, 8.5 W/m·K [137],
which approves that the vacant structure within the sample has substantially attenuated the
transport of phonon and consequently reduced the thermal conductivity. Based on the
expression of thermal conductivity, if the sample is given about 10% measurement error,
the uncertainty introduced to the thermal conductivity would not bring significant influence
to the calculated results. Listed in Table 4-2 are also the measured results of a sample
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before annealing. The as-spun sample composes both amorphous TiO2 and PVP polymer
content, while annealing at 500 ºC selectively removes the PVP content and converts the
amorphous TiO2 structure into anatase polymorph. The measured thermal diffusivity of
uncalcined sample is one order of magnitude higher than results of annealed samples, which
approves that the vacancies in between the nanowires could weaken the heat transfer
process because the annealing removes the PVP polymer and creates more vacancies.
Table 4-2. Experimental data and calculated results of all samples.

∆R/∆T
I
Length Width Thickness
(mA) (Ω/K)
(mm) (mm)
(µm)

Effective
density
(kg/m3)

α
(×10-6
m2/s)

k
(W/m·K)

Unannealed
sample

2.28

1.14

30.0

2.00

Sample 1

1.31

0.79

55.0

4.00

0.014

25.8

3.05

0.06

Sample 2

1.07

0.55

67.5

4.00

0.044

38.4

3.52

0.10

Sample 3

2.63

0.56

57.0

4.00

0.024

53.1

2.94

0.12

Sample 4

2.45

0.98

82.5

6.00

0.038

109

2.72

0.21

Sample 5

1.39

0.65

60.5

6.00

0.034

160

2.14

0.24

Sample 6

1.85

0.95

59.5

6.00

0.031

217

1.93

0.30

Sample 7

1.36

0.53

63.5

4.00

0.070

373

1.35

0.36

37.3

Fig. 4-7 illustrates the variation of thermal conductivity and thermal diffusivity
versus effective density, which is calculated based on measured thermal diffusivity and
thermal conductivity. The effective density changes a lot from sample to sample, which
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means that it majorly depends on the preparation procedure. While the effective density
ranges from about 25 kg/m3 to 370 kg/m3, the thermal conductivity also varies substantially
and displays a relatively ascending profile with density increase, which is consistent with
Maekawa’s conclusion [63]. This can be interpreted that when density increases, more
nanowires and less vacancies appear in the film and therefore enhance the heat conduction.
Certain discrepancy is observed in this figure and may be attributed to the impurity and
defects in the crystal structure. First, the existence of the defects impairs phonon transport
and consequently induces lower thermal conductivity. Second, dimension uncertainty
introduced by measurement would also bring slight uncertainty to the calculated thermal
conductivity.

The profile of thermal diffusivity change with density is also displayed in Fig. 4-7
and a profile contrary to the thermal conductivity is observed for the measured samples.
With density increase, the thermal diffusivity decreases from 3.05×10-6 m2/s to 1.35×10-6
m2/s. Although the ability of the sample to conduct heat is enhanced with a higher density,
more condensed structure simultaneously reinforced the capability to storage heat. This
comprehensive effect is to weaken the thermal diffusivity because the capability to store
heat is augmented more than the ability to conduct heat. Deviation is also observed and it
follows the explanation similar to the thermal conductivity. For these samples, they may
have impurity and defect inside the crystal structure and hence cause irregularity in the heat
conduction capacity.
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Figure 4-7. Thermal conductivity and thermal diffusivity of TiO2 thin films versus the
density as listed in Table 4-2 and the curves are to guide to view the data trend.

4.4 Intrinsic thermal conductivity of TiO2 nanowires
The calculated thermal conductivity is the overall (effective) value of the film. From
Table 4-2 it can be observed that the values are significantly lower than typical bulk value,
8.5 W/m·K [137]. The interpretation for this significant difference is that for the measured
samples, internal loose structure and disordered crystalline extremely reduced the thermal
energy transfer between molecules by phonons. When the effective thermal conductivity of
film is obtained, to derive the intrinsic thermal conductivity of the discrete TiO2 nanowire
becomes feasible and a physical model is designed to fulfill this purpose. Schematic of the
model is displayed in Fig. 4-8. An infinitesimal volume is presumed to accommodate
certain number of TiO2 nanowires, the total amount of which is n and the average crosssectional area of which is Af. Assumptions are made that the presumed volume is small
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enough to comprise minimal interconnection of nanowires and the heat transfer within each
nanowire does not influence the heat transfer in its neighbors. The length and width of this
infinitesimal volume are ∆l and ∆w, respectively. This small volume has a unit length in the
direction normal to the paper.
TiO2 nanowire

Stage

∆l

θ

Volume
TiO2 thin
film

∆w

Figure 4-8. Schematic of an infinitesimal volume for deriving intrinsic thermal
conductivity of TiO2 nanowires.

The thermal conductance of the whole volume is attributed to the contribution of
every single TiO2 nanowire. Therefore, considering an arbitrary alignment angle θ, the
thermal conductance along the vertical direction for a wire is

2

π∫

π /2

0

k f Af
∆l / cos θ

dθ ⋅ n ⋅ ∆w =

k ⋅ ∆w
.
∆l

(16)

Then the thermal conductivity of a single nanowire is k f = π / 2 ⋅ k / ( Af ⋅ n) . The
effective

length

of

a

single

nanowire

is

determined

as

www.manaraa.com

93

leff = 2 / π ∫

π /2

0

l
dθ = 0.793∆l . Similarly, the total mass of this volume is
sin θ + cos θ

estimated as the sum of the mass of each nanowire as leff ⋅ A f ⋅ ρ f ⋅ n ⋅ ∆w ⋅1 = ∆l ⋅ ∆w ⋅1 ⋅ ρ eff .
Then the total number of TiO2 nanowires n is calculated as ρ eff

( 0.793 A ρ ) . The intrinsic
f

f

thermal conductivity of TiO2 nanowires is then calculated as
kf =

π 0.793k ρ f
= 1.246 ρ f α c p .
ρ eff
2

(17)

From Eq. (17), the intrinsic thermal conductivity of TiO2 nanowires is relevant to
bulk density, the thermal diffusivity and specific heat. Calculated results based on Eq. (17)
for all samples are listed in Table 4-3. It is observed that the intrinsic thermal conductivities
are an order of magnitude higher than the measured value of the thin films and of the same
order of magnitude as the reported bulk value, 8.5 W/m·K [137], whereas discrepancies are
observed. Such discrepancy could come from the physical model used here. Based on the
AFM images, the nanowires contain both straight and curved features. Therefore the
straight shape of nanowires is an idealized scenario. Additionally, the target volume is
assumed to contain minimal interconnections for simplicity. However, in practical
composition, the structure shows distinct entangled characteristic and the interaction
between nanowires cannot be ignored. Second, the uncertainty coming from the estimation
of thermal diffusivity also impacts the results according to Eq. (17). The thickness of each
film could have large uncertainty in measurement because of the interior loose structure of
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the film. Inside the films there exists large amount of vacancies which also brought
uncertainty into the measurement and calculation.

The mean free path of phonons in the sample is consequently calculated based on
the calculated intrinsic thermal conductivity to estimate the effect of nanowire thickness
and length. Thermal conductivity is known related to heat capacity per volume (C), particle
group velocity (phonons) (v) and mean free path (l) as k f = 1 / 3Cvl . The typical value of
heat capacity (C) for anatase TiO2 is 2.76×106 J/m3·K. The sound velocity of anatase crystal
is applied here as the group velocity of phonons and a mean value of 4181 m/s [139] is
employed in the calculation. The calculated phonon mean free path for each sample is listed
in Table 4-3 and the results fall within the range between 1 to 3 nm. According to the AFM
images, the length and thickness of nanowires are substantially greater than the phonon
mean free path. Therefore the scale of sample boundary has no strong influence on the
phonon transport and the major restriction on the heat conduction comes from crystalline
structural defect.
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Table 4-3. Intrinsic thermal conductivity of discrete TiO2 nanowire and derived mean
free path.

Effective thermal
conductivity
(W/m·K)

Intrinsic thermal
conductivity of
nanowires (W/m·K)

Mean free path
of phonons
(nm)

Sample 1

0.06

10.4

2.73

Sample 2

0.10

12.2

3.15

Sample 3

0.12

10.6

2.93

Sample 4

0.21

9.48

2.43

Sample 5

0.24

7.40

1.92

Sample 6

0.30

6.63

1.72

Sample 7

0.36

4.67

1.21
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CHAPTER 5. ANATASE SINGLE TIO2 NANOWIRE
In Chapter 3 and 4, attentions have been paid to thin films of tens microns thickness
and the properties are mostly meso-structure properties. Due to the various interior
structures, thin films present diverse thermal properties highly dependent on the fabrication
conditions and sample preparation process. In this chapter, our focus converts to TiO2
nanowire, which is intrinsic component of TiO2 thin film. Consequently the dimension of
material is reduced in t his chapter to a few hundred nanometers, which is comparable to
the mean free path of phonon and would possibly induce distinctly different thermal
transport phenomenon compared with macroscopic samples. In Section 5.1 and 5.2, sample
preparation procedure is introduced and because of the extremely small scale, the
preparation and characterization procedures are significantly modified compared with that
for thin films. In section 5.3, experimental results using TET technique and calibration are
displayed to demonstrate the size effect on thermal properties and also the secondary
porosity generated during the fabrication process. For the nonlinear effects emerged within
the data, two methods are introduced in section 5.4 to suppress unnecessary effects and to
obtain more accurate results.

5.1 Sample preparation
Because of the extremely small scale, sample preparation of single TiO2 nanowire is
a more delicate and complicated processes than that of thin films. Fig. 5-1 presents the
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whole sample preparation procedure including electrospinning technique setup, coating of
iridium film over the nanowire, focused ion beam-assisted platinum soldering process and
final configuration of the testing device. Detailed precursor solution configuration is
provided in Section 3.2.1. Electrospinning technique, as a manageable technique to
synthesize fibular nanostructures, is employed and the setup is indicated in Fig. 5-1 (a). A
piece of TEM grid with two 1.5 mm × 0.1 mm slots was pre-coated with gold to have only
one slot non-conductively open, serving as the collector to collect spun nanowires and align
them over the slot. Because of the symmetric electrical force, the precursor solution will be
pulled out, stretched and deposited to have highly-oriented alignment [81]. The as-spun
nanowires were then placed in open air for 5 hours to achieve complete hydrolysis,
followed by 3-hour calcinations at 500 °C to remove the PVP content. During calcinations,
size reduction was observed as mentioned in previous chapter because of the decomposition
of PVP content [76]. This process potentially causes internal structure irregularity and
defects, inducing certain impact on material properties. After selective removal of other
nanowires by using tweezers, only one nanowire was chosen to be left over the slot for later
processing and characterization, as presented by the TEM grid in Fig. 5-1(b). A slight
modification from previous coating experiment is that iridium sputter coating was applied
in this chapter (by Q150T sputter coater) over the TiO2 nanowire for electrical conducting
purpose instead of gold coating [46]. Gold film is prone to have “micro-island” effect,
causing rough coated film surface and probably poor electrical contact when the coating
target is relatively small. Comparatively, iridium film is known to be much finer and more
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uniform than the gold film and it more significantly improves the coating uniformity and
conducting effect. Because the nanowire was simply suspended over the TEM grid slot, the
contact between the nanowire and the grid surface may not be good enough to
eliminate/suppress the influence of contact thermal/electrical resistance. Focused Ion Beamassisted platinum soldering (Quanta 3D Dual-beam system) was used to weld both ends of
the nanowire to the TEM grid surface. As seen in right picture in Fig. 5-1(c), both ends of a
single TiO2 nanowire are covered by deposited rectangular-shaped Pt pads. In Fig. 5-1(d),
the left picture gives the overall configuration of a testing base with the prepared TEM grid
and suspended Ir-coated and Pt-soldered TiO2 nanowire. This testing base was then moved
to a vacuum chamber for further thermal characterization. On the right is the SEM picture
of the nanowire sample 7 and two Pt pads are clearly seen on both ends of the nanowire
with an enlarged inset picture of one pad. This pad completely covers the nanowire-base
contact and ensures excellent electrical conduction and heat dissipation.
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Only this slot is
used to suspend
TiO2 nanowires

(a)
Power supply

Electrospinning setup

(b)

Iridium coating

TiO2 nanowires are
aligned by the electrical
force and a tweezers is
used to remove other
nanowires so that only
one is left
Focused ion beam to deposit Pt
pads as shown to enhance the
thermal and electrical contact

(c)

Pt deposition

TiO2 nanowire
Iridium sputter coater to make the
nanowire electrically conductive

(d)

Silver paste

Testing stage is connected to
equipment for TET characterization

Deposited Pt

Ir-coated and Ptsoldered TiO2
nanowire

Pt pads
20 µm

10 µm

SEM image of one suspended
TiO2 nanowire

Figure 5-1. Complete sample preparation includes: (a) electrospinning for fabricating
parallel TiO2 nanowires. On the right is a magnified image of a TEM grid for
suspending deposited parallel nanowires; (b) Iridium sputter coating to deposit thin
iridium film over the single TiO2 nanowire, on the right is a magnified picture of the
working slot only; (c) Focused ion beam-assisted platinum soldering process to solder
both ends for better electrical and thermal conducting purpose. Two soldered Pt pads
are shown to cover both ends of the nanowire on the slot in the right picture; (d) the
whole piece of TEM grid with Ir-coated and Pt-soldered TiO2 nanowire is transferred
onto a testing stage for further thermal characterization. On the right is a SEM image
of the fully-prepared TiO2 nanowire, which is marked as sample 7 in this experiment.
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To confirm the polymorph of the prepared sample, Raman spectra examination by
using a Voyage confocal Raman spectroscope is displayed in Fig. 5-2(a) to show the
authenticity of anatase crystal structure. Four distinct peaks at 132, 390, 514 and 630 cm-1
as presented in Chapter 4 show that the annealing at 500 °C for 3 hours has turned the
amorphous material into anatase crystalline, which is consistent with previous discussions.
According to Ohsaka et al. [136], the peaks at 132 cm-1 and 390 cm-1 are the O-Ti-O
bending-type vibrations, and other two modes of peaks at 514 cm-1 and 630 cm-1 represent
Ti-O bond stretching-type vibrations. Additionally, in order to observe the impact from the
calcinations and also the surface structure of the nanowire, scanning electron microscopy
(SEM) is employed to investigate the nanostructure. In Fig. 5-2(b), the sample is obtained
simply after hydrolysis in open air for 5 hours and the surface structure is very smooth and
no dents or other features are evident. Fig. 5-2(c) presents an image of a calcined nanowire
which exhibits a wavy and uneven surface structure. Similar phenomena have been
generally observed in electro-spun TiO2 nanowires. The porous structure existing between
the nanowires inside bulk material is called the primary porous structure. The porous
structure within individual TiO2 nanowires occupies a relatively smaller portion and exists
in smaller scale. Therefore, it is defined as secondary porous structure for comparison
purpose. The reason of how it originates can be interpreted as follows. First, the TiO2
nanowires are sintered by aggregation of TiO2 particles with continuous crystallization at
high temperature because the particles favor a round shape to minimize the surface area.
Second, the decomposition of PVP content during calcination distorts the nanowire and
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leaves an irregular fibrous matrix along with shrinkage of the nanowire diameter.
Consequent internal structure irregularity and imperfections from calcination will be the
principal explanation for the dramatic change of physical properties and thermal
performance.
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Figure 5-2. (a) Raman spectra of a TiO2 nanowire after complete calcination to
confirm its anatase polymorph; (b) high-magnification SEM image at 150,000× of the
as-spun nanowire to show that the surface is very smooth, and (c) SEM image at
300,000× magnification of calcined TiO2 nanowire that embraces bumpy and porous
surface. Images in (b) and (c) are not from the same sample and are only for surface
porosity demonstration purpose.

The prepared testing base shown in Fig. 5-1(d) is ready for thermal characterization.
Both the electrical and thermal conductance of TiO2 nanowires are dramatically enhanced
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by the iridium coating and it therefore shows metal-like characteristics. To determine the
temperature coefficient of resistance of TiO2 nanowires, calibration procedure is again
required and the configuration is indicated in the right dashed line box in Fig. 5-3(a).
Different from previous micro-scale film-like samples, it is difficult to directly apply
thermocouples to the nanowire surface to sense the temperature change due to its
nanometer scale. Furthermore, the layered structure at the wire-base contact generated in
sample preparation will cause significant thermal dissipation among layers, thus the
ambient temperature would be most likely different from the temperature of the sample. In
order to accurately monitor the temperature change of the sample, a device was designed
and placed in the vacuum chamber as displayed in Fig. 5-3(a) to both create a uniform
temperature field and to maintain equilibrium between the sample temperature and its
ambience. For the testing device, the distance between top and bottom plate was about 1
inch and both plates were pasted with a Kapton insulated flexible heater (from Omega) as
heat sources. The wall was made from acrylic glass to reduce unnecessary heat loss.
Adjustable DC power for both heaters was provided by a dual-output DC power supply
(Agilent E3649A) and two pasted thermocouple were connected to a programmable
temperature controller (Stanford Research Systems) to monitor the temperature through the
whole calibration process. The calibration process was performed when the temperature
descends from about 50 °C to room temperature. During the cooling process, limited power
is provided from the power supply to ensure the whole process is slow and moderate so that
the assumption of quasi-equilibrium is appropriate to describe this calibration procedure.
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Taking sample 7 for instance, its typical calibration curve is shown in Fig. 5-3(b), in which
the resistance reduces from about 12440 Ω to 12250 Ω while the temperature decreases
from 321 K to 307 K. Linear fitting is established based on the recorded data and the
deviation from standard metal-like resistance-temperature properties is probably attributed
to the structure of Ir on the nanowire surface. The fitted temperature coefficient of
resistance for sample 7 is about 12.4 Ω/K and it is adopted to calculate the effective
thermal conductivity of the nanowire.
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Figure 5-3. (a) Schematic of the thermal characterization setup. A testing device is
positioned in a vacuum chamber connecting to two equipment sets. In the left is the
equipment for TET characterization and right dashed line box is for calibration
experiment. (b) A fitted linear profile of sample 7 from calibration experiment to
determine the temperature coefficient of resistance.

5.2 Experimental methods
5.2.1 TET technique
TET technique as introduced before is still employed to characterize the thermal
diffusivity of the TiO2 nanowire but the methodology for deriving is modified due to the
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particular abnormality generated in the measurement. As seen in Fig. 5-4(a), when a step
DC current provided by the current source is fed through the nanowire, a quick response of
voltage evolution of the nanowire is detected by the oscilloscope. Because of the layer-like
configuration at the wire-base contact generated from sample preparation, undesired
disturbance such as capacitance effect may be included and may give deviation from a pure
temperature-resistance relationship. Normally, only one U-t profile is required for data
fitting to determine the thermal diffusivity. To exclude unnecessary effects, two U-t
profiles of sample 7 at different feeding currents are needed as shown in Fig. 5-4(a). Two
profiles at 20 µA and 10 µA are plotted out and the ratio of their voltage responses is also
presented in this figure with the same x-coordinate. After precisely calculating the voltage
increase, it was found that the voltage is not proportional to the resistance during the
transition stage, indicating that the nanowire’s transient response is nonlinear and other
effects might be included as mentioned before. To exclude other unnecessary effects, the
acquired ratio profile will be used for data fitting process because after this treatment,
irrelative effects can be eliminated and it contains simply R-t relevance. To precisely obtain
the effective thermal diffusivity, numerical simulation is employed based on the onedimensional heat transfer model and the average temperature of the whole sample within
each time interval is calculated to obtain the temperature-time profile until steady state is
reached. By changing the thermal diffusivity and repeating the numerical procedure, the
thermal diffusivity giving the best fitting of the experimental data is taken as the thermal
diffusivity of the sample. Detailed theoretical analysis about this signal processing will be
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discussed in another work. A fitted curve is shown in Fig. 5-4(b) and it is observed that the
fitted normalized curve is very consistent with the theoretical one, indicating that obtained
effective thermal diffusivity is accurate enough. The fitted value for sample 7 is 2.28 × 10-6
m2/s, which is acceptably close to the literature value 3.17 × 10-6 m2/s [137, 140],
considering measurement uncertainty and possible interior structural defect and vacancies
that emerged from fabrication. Another two profiles of which the thermal diffusivities are
2.46 and 2.08 × 10-6 m2/s are also presented to demonstrate how the measurement
uncertainty is determined by varying the thermal diffusivity slightly so that the new profiles
have distinct deviation from the experimental one. The uncertainty included in the fitting
procedure of thermal diffusivity for this sample is about 8%, which will be considered in
the uncertainty analysis.
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Figure 5-4. (a) U-t feedbacks of 10 µA and 20 µA currents for sample 7, and the solid
line with triangles represents the ratio of the two U-t profiles and (b) comparison plot
between theoretical results and experimental fitting for sample 7, with another two
fitting curves to demonstrate the uncertainty of this fitting process.
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5.2.2 Calibration procedure
The approach to determining thermal conductivity is modified as well compared
with that introduced in Chapter 2 [46, 141] and demonstration will be presented also by
taking sample 7 as the example. For the TET measurement at each temperature, various
currents are supplied to acquire different profiles. For instance, for sample 7 indicated in
Fig. 5-4, four different currents, 10 µA, 20 µA, 30 µA and 40 µA, are applied to the sample
at 51 °C and the profiles under each current are recorded individually. As metal-like
material, the voltage at steady state ascends with increasing current. Based on the TET
theory, the thermal conductivity is determined as k = QL / (12A∆T). From the calibration
results, temperature difference is substituted with the resistance change to modify the
equation to k = QLη / (12A∆R), where η is the temperature coefficient of resistance.
Therefore a linear relationship between steady state resistance and supplied power is
derived to be ∆R / Q = Lη / (12kA), and this relationship for sample 7 is shown in Fig. 5-5,
demonstrating an excellent linear trend. A linear fitting is also exhibited in the same figure
and the obtained slope contains the thermal conductivity when other parameters are known.
For this sample, the slope of fitted straight line is calculated at 3.08 ×108 Ω/W. After
incorporating other parameters such as sample length L, cross-sectional area A, and
measured temperature coefficient of resistance η, the effective thermal conductivity of
sample 7 is finally determined at 4.09 W/m·K, which still includes the impact from iridium
coating and will be modified to eliminate its influence.
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Figure 5-5. Linear relationship between resistance at steady state and power supplied
for sample 7 at 51 °C. The slope of the fitting equation is for calculating thermal
conductivity if other parameters are known, as shown by equation ∆R / Q = Lη /
(12kA).

Further modification to obtain the real thermal properties is also needed based on
derivation in Chpater 2. The Lorenz number for iridium is chosen to be 2.5×10-8 W·Ω/K2
[129], which is experimentally confirmed to have negligible variation within the
temperature range 300K ~ 373K, and consequently is treated as a constant in this
experiment [130]. Using temperature and resistance at steady state, the calculated real
thermal conductivity of sample 7 is 3.08 W/m·K, indicating that the effect from the iridium
coating is about 25%. Compared with previous measurement of micro-scale or submicronscale material, this effect from iridium coating is relatively large because TiO2 nanowire is
only hundreds of nanometers thick and its surface is rough based on the SEM images. The
iridium coating has to reach a certain thickness to form a fine film and to make sure the
resistance of the sample reaches a reasonable range for balance between obtaining signal
strong enough and including as few unnecessary effects as possible. Therefore the effect
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from iridium coatings is higher than that from gold coatings reported before. The same
strategy is also applied to calculate the real thermal diffusivity of pure TiO2 nanowire after
the effective volume-based specific heat is obtained as Ceff = ρcp = keff / aeff. Then the real
thermal diffusivity is derived and the impact from iridium coating is excluded.

From the real thermal conductivity, real thermal diffusivity and known specific heat,
the density of sample 7 is calculated to be 2545 kg/m3, lower than reported bulk value of
3890 kg/m3 [140], supporting the point that possible defects and vacancies are created when
PVP content decomposes and the crystalline structure converts from amorphous to anatase
during continuous calcination, leading to density lower than bulk value. With other
parameters, the modified real thermal diffusivity of sample 7 is 1.76×10-6 m2/s, compared
with effective value of 2.28×10-6 m2/s. The estimation of effect from the iridium coating is
about 23%, close to the 25% from thermal conductivity modification. The parameters
contained in these equations bring in uncertainty and the error propagation will be
discussed in following section to examine the accuracy of the techniques.

5.3 Results and discussions
5.3.1 Size effect on thermal and physical properties
In Table 5-1, the dimensional parameters, experimental variables and calculated
results are all presented along with experimental uncertainties. The diameters of all
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measured nanowires are from 250 nm to 400 nm, and SEM images in Fig. 5-1(d) and Fig.
5-2 indicate that the uniformity of diameter is good. Meanwhile, although the magnification
of SEM image is as high as 300,000×, certain vagueness still exists and it causes
uncertainty in determining the diameters. The applied current here is controlled to be
around tens of µA to ensure the sample structure intact by heating. The temperature
coefficient of resistance varies from 1.38 to 17.3 Ω/K and the slopes of resistance-power
curves are mostly around 2 to 4 × 108 Ω/W except for two samples. This large variation and
particular abnormality are possibly due to the temperature reading oscillation during the
calibration process and also the existing thermal contact resistance of the iridium coating.
The thermal properties and density in this table are real values excluding the impact from
iridium coating and are lower than literature value of anatase TiO2 crystal [137, 140]. As
seen in the SEM image in Fig. 5-2 and also in other publications [76, 78, 80], the wavy and
uneven surface structure to some extents demonstrate that the fabricated TiO2 nanowire
features relatively irregular and secondary porous feature compared to bulk material. These
irregularities and vacancies are mostly generated from the removal of PVP content during
which the degradation may distort the fibrous matrix and also from the aggregation of TiO2
particles in the crystalline structure transition procedure. With the density, estimates of
porosity of the nanowires are also concluded to be much less than 1, from about 31% to
78%, indicating that the calcination not only leaves structural distortions but also
remarkable vacancies, which are controllable if experimental parameters are carefully
controlled.
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Table 5-1. Experimental data and calculated results of all samples.

DC
∆R/∆T ∆R/∆Q
# Length Diameter current
(×108
(Ω/K)
Ω/W)
(mm) (nm)
(µA)

ρ

α

3

(kg/m )

k
Porosity
(10 m /s) (W/m·K)
-6

2

1

0.13

250±13

18.0

5.30

2.83

1155.46±1422.32±0.28 1.38±0.23

29%

2

0.11

370±19

26.0

8.30

2.11

1639.16±2022.12±0.25 2.26±0.37

42%

3

0.11

295±15

20.0

10.6

2.03

1753.97±2165.08±0.61 6.01±1.00

45%

4

0.11

383±19

30.0

2.05

0.239 1805.51±2224.21±0.50 5.14±0.85

46%

5

0.11

320±16

16.0

13.1

4.48

2045.09±2521.80±0.21 2.42±0.40

53%

6

0.11

340±17

14.0

17.3

4.21

2136.57±2632.47±0.29 3.59±0.60

55%

7

0.11

342±17

18.0

12.4

3.08

2606.91±3211.76±0.21 3.08±0.51

67%

8

0.11

360±18

35.0

1.38

0.212 2830.36±3481.81±0.22 3.34±0.55

73%

The trends on how the thermal properties vary with density are distinctly presented
in Fig. 5-6. When the density increases from 866 kg/m3 to 2677 kg/m3, the thermal
conductivity shows a distinct increasing trend. Except for two obviously abnormal points
that are higher than 5 W/m·K, the other data points present ascending tendency around 3
W/m·K with increasing density and the values are lower than the literature value of 8.5
W/m·K for bulk material [137]. As discussed before, the possible reason for this difference
is because the interior structure distortions and vacancies from calcination induce phononimpurity/defect scattering during their transport and thus lower the thermal conductivity.
Additionally, the intrinsic thermal conductivity of single TiO2 nanowire has been estimated
before [46] qualitatively and the results were in the range of 5 to 12 W/m·K, which is
slightly greater than values acquired from experiment but still consistent considering the
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simplifications made in that model and also the secondary porous structure existing within
the nanowires in this work. The thermal diffusivity exhibits a contrary moderate trend with
changing density. Within the range that density increases, the thermal diffusivity decreases
from 2.5 × 10-6 m2/s to 1.77 × 10-6 m2/s, which is almost 30% off. The two exceptional
points are still plotted where the error might be induced by measurement uncertainty. With
higher density, although the ability of the nanowire to conduct heat is improved, the more
condensed structure also reinforces its capability to store heat. The comprehensive outcome
is to weaken the thermal diffusivity here because the capability to store heat outweighs the
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Figure 5-6. Thermal conductivity and thermal diffusivity of single TiO2 nanowires
versus the density for all samples listed in Table 5-1 and the curves are for guiding
eyes to view the data trend, with error bar marked on each data point.

The diameter of nanowire is another perspective to understand the thermal
properties of small scale material. In Fig. 5-7 a distinct trend is observed between density
and diameter. When the diameter increases from 250 nm to 380 nm, the density also
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demonstrates a consistently ascending profile from 860 to 2600 kg/m3 except for a few
discrepancies. These discrepancies may come from unexpected experimental variation
during sample preparation and also measurement uncertainties. For thermal properties, the
variation range of diameter is not large enough to impose substantial impact when it
changes from 250 nm to 380 nm, but evident and fluctuating tendency can still be observed
for both thermal diffusivity and conductivity. For thermal diffusivity, the value is 2.3 × 10-6
m2/s when the diameter is 250 nm and decreases to around 2 × 10-6 m2/s when diameter
changes to about 370 nm. While the density increases for about 50%, the thermal diffusivity
does not show such a large variation but decreases by 0.3 × 10-6 m2/s correspondingly with
certain discrepancy. As discussed before, because of the extremely small scale,
experimental conditions and dimension measurements both can influence experimental
uncertainty. As seen in Fig. 5-7, when the diameter increases from 250 to 370 nm, the
thermal conductivity strongly increases from 1.38 W/m·K to 6.01 W/m·K. However, this
profile is still accompanied with strong fluctuations. Expectation can be made that if
diameter increases by more than one order of magnitude, the thermal conductivity would be
affected much more significantly.
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Figure 5-7. Thermal conductivity, thermal diffusivity and density versus the diameter
of all measured TiO2 nanowires, with lines to guide eyes for data trend. Error bar are
shown for each data point.

5.3.2 Uncertainty analysis
Because of the small scale of the samples and their delicate nature, uncertainties are
inevitably included in the measurement and calculations. The uncertainties primarily come
from two parts – dimensional measurement and data acquisition.

The thermal diffusivity is obtained by fitting different values until a profile with the
smallest fitting error is acquired. During the fitting procedure, it is reasonable to acquire the
fitting uncertainty by changing the values to observe how strong the deviation is from the
experimental profile. When the value is varied over ± 8 %, the corresponding profiles show
strong deviation from the experimental curve and therefore the uncertainty from data fitting
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is 8% as displayed in Fig. 5-4(b). From Eq. (4), the L2 term also imposes strong impact
since it is an exponential expression. With high-magnification SEM image, the error of
length measurement uncertainty is as small as 1% and therefore the L2 term brings about
2% uncertainties. Based on the uncertainty propagation theory, the total uncertainty for
thermal diffusivity is about 8.3%. The estimation is basically only for effective thermal
diffusivity. For real thermal diffusivity, it is obtained when more factors are considered and
will be discussed later after determination of the uncertainty of other variables.

Calculation of thermal conductivity is more complicated based on discussions
before. First, the acquisition of the temperature coefficient of resistance includes
uncertainties from recording both temperature and resistance. While the temperature is
controlled to descend moderately and the fluctuation range is limited to be within 1%,
resistance readings show more vibration during the calibration. The possible reason is that
the thermal contact resistance makes a certain contribution and has a relatively strong
impact on the temperature. The uncertainty is estimated to be 5%. Therefore, the
uncertainty existing in temperature coefficient of resistance is about 5.1%, mostly from
resistance readings. From the expression of temperature difference, the power is calculated
as I2R, while I is initially set from the current source and R is read directly from the TET
profile. Both parameters are accurate enough and the uncertainty can be taken at 1%.
Measurement of diameter is based on high-magnification image and it is examined to have
5% uncertainty because of the focusing situation. Uncertainty from length is 1% as
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discussed in thermal diffusivity part. Consequently, the total uncertainty for the effective
thermal conductivity is about 9%. After the uncertainties of both thermal properties are
known as 8.3% and 9%, the uncertainty of effective volume-based specific heat is also
calculated to be 12.24% based on discussion before. For real TiO2 density, it is calculated
from the effective value and because the iridium film has a very limited impact, the
uncertainty of the real density is the same as that of the effective volume-based specific
heat, which is 12.2%

With effective values, the real values are derived based on Eq. (8) and (9), and so
are the uncertainties. From Eq. (9), the real thermal diffusivity is calculated from
parameters including effective thermal diffusivity αeff, length L, temperature T, resistance R,
cross-sectional area A, effective volume-based specific heat ρcp. The corresponding
uncertainties of these variables are 8.3%, 1%, 1%, 1%, 7% and 12.2%, respectively.
Therefore the overall uncertainty of the real thermal diffusivity is 11.7%. Following the
same method, the uncertainty of the real thermal conductivity is calculated to be 16.5%.

From the uncertainty analysis, it is conclusive that the uncertainty of major
parameters and results in this experiment are controlled within acceptable ranges
considering the differences among samples and varying experimental conditions. The
uncertainties are listed in Table 5-1, as supplements to measurement values, along with
error bars marked in figures with each discrete data point.

www.manaraa.com

117

5.4 Nonlinear effect analysis
An important step in the global fitting procedure is to locate the starting point at
which the resistance of the sample can be evaluated. If there is no other effect to shunt the
current, the voltage should develop like the one in Fig. 5-8(a) and can be used to represent
the resistance-time profile. As indicated in Fig. 5-8(a), at the starting point, the current
through the sample already reaches the full value, and the Ohm’s law can be used to
describe the relation between the measured voltage and the current through the sample.
However, after detailed comparison between the original U-t profiles of Pt wire and single
TiO2 nanowire (Fig. 5-8(b)), it is obvious that significant dissimilarity exists. For a Pt wire,
at the moment that the current is provided, the voltage increases immediately to the value
that contains full current and resistance, with simply one abrupt increasing point due to the
finite rise time of the current source. Additionally, the decaying state caused by termination
of the current is also instantaneous and contains no irregular points. For a single TiO2
nanowire, as seen in the time range from -0.13 to -0.11 second in Fig. 5-8(b), when a
current is provided, the voltage increases gradually and there is no distinct starting point
when the current through sample reaches its full value. Therefore the voltage-time profile
cannot be used directly to represent the resistance-time profile and to evaluate the thermal
transport. In fact, the observed U-t profile contains conjugated information about the
nonlinear response of the system and thermal transport in the nanowire. This abnormality
suggests that the total current from the current source does not entirely flow through the
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nanowire until certain moment. Other effects shunt the current so the current fed through
the nanowire increases with time slowly before it reaches its full value. In the range from 0.08 to -0.06 second in Fig. 5-8(b), it is the decaying state and is more distinct to show the
presence of unknown effects because during this stage, when the current feeding stops the
voltage does not drop to zero immediately and instead it exhibits discharge-like effect,
showing that there may be other current source in the circuit. This is possibly attributed to
some capacitance effect generated from capacitor-like slot structure on the TEM grid as
discussed later.
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Figure 5-8. (a) Original U-t profiles for platinum wire, the diameter of which is 25.4
µm and (b) original U-t profile for single anatase TiO2 nanowire, the diameter of
which is about 340 nm, containing both rise and fall stage with irrelevant range is not
shown.

5.4.1 Generalized function analysis
In order to exclude undesired effects and to acquire pure linear response, a
simplified physical model is presented in Fig. 5-10(a). The whole experiment setup is
generalized into a circuit in which the nanowire itself is represented by an equivalent
resistor R0 and other effects together exhibit as another parallel element (e.g., capacitor).
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Based on Fig. 5-8(b), the current passing through the nanowire follows a relation I0f1(t),
here f1(t) is a general form of time-relevant function. For example, if the capacitance effect
is taken into consideration, f1(t) can be expressed as (1 - exp(-t/RC)). After detailed
examination, the voltage change with time of the nanowire does not exactly fit a capacitor
charging process probably because the resistance R in time constant RC is affected by other
effects so it changes with time (heating effect in R0). Therefore a generalized function
analysis is exercised to exclude the unnecessary nonlinear effects by universally expressing
the current as I0f1(t), regardless of the particular form of the nonlinear effect. Due to the
heating effect introduced by the current, the resistance of the sample will change and is
expressed as R0 (1+ f2(Q)), in which Q is the non-constant electrical heating proportional to
square of the current passing through the nanowire, I2. To the end, the voltage over the
whole nanowire obeys Ohm’s Law as

U = I 0 f1 ( t ) R0 1 + f 2 ( I 2 )  .

(18)

If two different currents I01 and I02 are considered, the ratio of the induced voltages
is,
2
U1 I 01 f1 ( t ) R0 1 + f 2 ( I1 ) 
=
.
U 2 I 02 f1 ( t ) R0 1 + f 2 ( I 22 ) 

(19)

Here the non-constant heating source is known to be included within the f2 term.
During the TET measurement, the resistance change induced by electrical heating is
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relatively small compared with the initial resistance. Because the generated electrical heat is
linearly dependent on the square of current passing through the nanowire: I 2 = I 02 f12 , Eq.
(17) can be simplified while ignoring the high-order terms as
U1 I 01
1 + f 2 ( I12 − I 2 2 )  ,
=
U 2 I 02

(20)

in which only one term is left other than the ratio of currents. If there is no electrical heating
effect, [f2(I12 – I22)] should be zero and only the ratio of current remains. Normally, the
resistance of the sample changes because of the temperature change induced by electrical
heating. In Eq. (16), the f1(t) emerges as the nonlinear factor and influences the current
distribution in the whole experimental system. By applying this method to obtain Eq. (20),
this nonlinear factor is constrained into a term much smaller than 1. Therefore, the ratio of
voltages mostly contains impacts from heat transfer along the nanowire. For a particular
TiO2 nanowire (sample 6), two currents 6 µA and 14 µA are used and the ratio is presumed
as a constant value 2.33 if no electrical heating and other effects are considered.
Nevertheless, from Fig. 5-9, the ratio curve based on signals of both currents is presented. It
is seen that the ratio increases very quickly from about 0.6 and then stabilizes around 2.5,
implying that there could be other effect acting as time-dependent impact on the current
distributed to the nanowire and this nonlinear effect takes only very small portion of the
data. It proves again that the assumption to rule out small amount terms is reasonable. This
ratio curve is also plotted out to be compared with the plot in Fig. 5-8(a). It is apparent that
after this processing, the ratio plot features more metal-like characteristic similar to the

www.manaraa.com

121

voltage response of Pt wire and the number of irregular points before achieving the
anticipated value is also significantly less than original U-t profile of single anatase TiO2
nanowire. It proves that the nonlinear effect in current evolution has been suppressed
significantly as seen in Eq. (18) so that less irrelevant points are observed. Further data
processing to eliminate the first several irregular points will be discussed later.
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Figure 5-9. Original U-t profiles of two different currents: 14 µA and 6 µA and the
derived ratio profile based on two voltage profiles for sample 6.

5.4.2 Direct derivation of capacitance effect and resistance profile
As discussed before, from Fig. 5-8(b), both the rise and fall state are observed to be
very similar to capacitor charging and discharging behaviors. Although it has been
examined that these two profiles do not exactly follow the exponential relation of typical
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capacitors probably because the time constant does not stay constant due to impact from
other effects (heating in the nanowire) on the capacitors. A method is developed in this
section to calculate the capacitance that appears in this RC circuit (Fig. 5-10(a)) based on
U-t profiles. A simple assumption is made that in this circuit, only the nanowire and another
capacitor are connected in parallel to form a resistance-capacitance circuit and no other
elements or effects are considered, as shown in Fig. 5-10(a). Therefore, the overall current
passing through the capacitor and nanowire will always be constant I0. After the current
through the capacitor is obtained, the current passing through the nanowire is deduced
accordingly and so is the resistance change of the nanowire. With an actual resistance-time
(R-t) profile, the global fitting is adopted again for determining the thermal diffusivity.

According to the definition of capacitance C, it is relevant to the voltage between
two parallel plates U and also the amount the charges stored q as q=C × U. Based on the
working principle of charging process of a capacitor, with the increase of voltage drop
generated from the accumulated charges, the charging current gradually decreases with time
and this current to charge the capacitor is expressed as I charging = C × (dU / dt ) . In addition,
without considering heating effect at the very first few moments, the resistance of the
nanowire can be treated as a constant R0 and the current I passing the nanowire then follows
the form U/R0. The summation of these two portions constitutes the overall current I0 from
the current source, as expressed in Eq. (21),
C

dU U
+
= I0 .
dt R0

(21)
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Due to the high resolution of the oscilloscope, first three or four data points of the
voltage-time profile are applied reasonably because within such limited increase range,
heating effect is negligible and the resistance is then rationally to be assumed constant. The
solution to Eq. (19) is obtained as,


t 
) ,
U = I 0 R0 1 − exp(−
R0C 


(22)

with the measured values of U and t, it is not hard to use exponential fittings to determine
the coefficient I0R0 and R0C, and then obtain the capacitance C and initial resistance R0.
Although when voltage rises later on, the overall relation reflected by Eq. (21) is still
applicable except that the resistance R does not maintain constant any more, and it is
consequently calculated further based on Eq. (21) with the data from U-t profile,
R (t ) =

U
.
I 0 − CdU / dt

(23)

Eq. (23) gives the intrinsic nanowire resistance development with time by directly
fitting to derive the nonlinear capacitance effect based on the U-t profile. In order to
confirm the validity of the RC circuit assumption, we calculate the capacitance of the same
sample (sample 6) at different currents and different processes. With the U-t data from
current 14 µA, the capacitances calculated from charging and discharging processes are
1.18 nF and 1.07 nF, respectively. Based on the voltage data under current 6 µA, the
capacitance for charging process is 1.02 nF. These capacitances from different currents and
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processes are very consistent to prove the rationality of the RC circuit assumption. For the
same sample (sample 6) applied in the generalized analysis section, its original U-t profile
from the oscilloscope and R-t profile from the above derivation method is presented in Figs.
5-10(b). In Fig. 5-10(b), the top plot is the original U-t profile of a gradual increase trend of
voltage and it is impossible to use the U-t profile to obtain the resistance change. After
utilizing the data analysis based on Eq. (23), the obtained resistance curve in the middle
curve in Fig. 5-10(b) presents significantly improved development characteristics. This
curve is very similar to the U-t profile of the platinum wire shown in Fig. 5-8(a) and is
much more ideal to be used for global fitting to determine the thermal diffusivity.
Compared with the ratio profile from the generalized analysis, the resistance curve contains
less irrelevant points in rise state and demonstrates more distinct starting point to evaluate
the resistance change of the nanowire.
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Figure 5-10. (a) Simplified RC circuit model to describe the nonlinear effect and (b)
original U-t profile, derived R-t profile from the direct derivation before processing
and the further processed R-t profile with modified starting points. The data is for
sample 6.

However, it is further observed in the middle curve in Fig. 5-10(b) that with
significantly improved resistance profile, very few abnormal points still exist, with the
resistance value about 4000 and 20000 Ω. These irregular points probably are affected by
conjugated electrical heating, thermal transport and probably some other unknown effects.
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Although the heating effect is relatively small at the beginning, the point at 4000 Ω cannot
be ignored and is instead used to explore the actual value under normal heating condition.
To further process the data for better analysis, a strategy is developed by considering the
linear relation between resistance variation and heating power, which is related to the
square of voltage U2. Therefore, for any initial resistance R0, its real value is determined as,

R0

∫
=R −
∫
1

t1

t0
t3

t2

U 2 dt
2

⋅ ( R3 − R2 ) ,

(24)

U dt

in which R1, R2, R3 are both known resistance values of particular points selected from the
normal range when voltage rises. By using the relationship between heating power and
resistance increase, the value of irregular points are further explored and the corrected
resistance profile is displayed in the bottom plot in Fig. 5-10(b). Comparison between the
middle curve and bottom curve in Fig. 5-10(b) explicitly demonstrates that after the
processing using Eq. (24), the irregular points are eliminated and the resistance increases
from a reasonable value to then follow a typical evolution tendency considering heating
effect and thermal transport. This profile is the one that is directly fitted with theoretical
temperature profile to acquire the thermal diffusivity. Same process is also used to correct
the irregular points presented in Fig. 5-9.

5.4.3 Data processing
Based on the above methods and derived equations, further data processing can be
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performed to obtain the thermal diffusivity. For the sample in Fig. 5-9, two profiles of 6 µA
and 14 µA currents are used for the ratio-time profile. The ratio of signals from two
different currents will attenuate unnecessary effects and contain mostly effect from heating
and thermal transport, as shown also in Fig. 5-9. This ratio profile is then normalized into
dimensionless form for fitting purpose. For theoretical calculation, from Eq. (1), the heat
source does not stay constant because the current passing the nanowire is a varying value
during the experiment. Hence, numerical simulation is employed in this work to provide
theoretical data with consideration of non-constant heat source as U2(t)/R. A onedimensional scheme is employed to create the computing mesh and the governing equation
(Eq. (1)) is discretized along both time and spatial dimensions. The average temperature of
the whole nanowire is calculated at every time step and the temperature evolution with time
is thus obtained. By normalizing the temperature variation and using different thermal
diffusivity values, best fitting is identified when the error between simulated normalized
temperature profile and experimental normalized ratio profile reaches the minimal level
(least square method) and this value is determined as the effective thermal diffusivity of the
nanowire. A comparison figure based on the generalized analysis method is displayed in
Fig. 5-11. Based on the fitting, the effective thermal diffusivity of this sample is determined
at 2.44×10-6 m2/s. Combined with the calibration process discussed in our previous section,
the thermal conductivity and density of the single TiO2 nanowire can be determined. This
method for data analysis provides a novel perspective to suppress particular forms of
nonlinear effects and to maintain the linearity characteristic in experimental data, as shown
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in Eq. (18). Instead of processing single a U-t profile, the ratio that has inherited linearity of
current is more appropriate for data processing. Not only are the nonlinear effects are
minimized, the impacts from long rise time of the current source can also be suppressed
using data from different currents. Similarly, thermal characterization of materials with
ultra-short thermal transport time can also be carried out using this method. For uncertainty
analysis purpose, the thermal diffusivity is altered and related numerical fitting curves are
shown to indicate that the uncertainty of this data processing is around 7%.
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Figure 5-11. Comparison plot of theoretical results and experimental data using
generalized analysis method for sample 6, along with another two profiles presenting
the uncertainty of this data fitting process.

Applying the further processed resistance profile in Fig. 5-10(b) for global fitting, a
fitted profile is shown in Fig. 5-12 and the determined thermal diffusivity is 2.30 × 10-6
m2/s, while the two fittings to show that the uncertainty of global fitting is about 8%. This
thermal diffusivity agrees well with that determined based on generalized analysis, 2.44 ×
10-6 m2/s, with about 6% difference. This difference arises because of several reasons. First,
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during the implementation of the global fitting technique, theoretical values are calculated
using the numerical simulation method as introduced in the last paragraph. However, in the
generalized analysis, the heat power is expressed as U2(t)/R, in which the resistance is a
constant since its variation details remain unknown. In the direct derivation method, the
resistance change is directly deduced under and is consequently used to calculate the
heating power as U2(t)/R(t). Second, in generalized analysis, derivation of ratio data
requires two sets of experimental data but only one set of data is used for fitting purpose.
Selection of experimental data from different currents could introduce difference in the
thermal diffusivity to certain degree. Detailed observation and comparison between Figs. 5
and 6 shows that within the time range from 0 to 4 ms, experimental results obey mainly
similar trends while the results from the direct derivation method present more fluctuations
and results from generalized analysis give a smoother feature. This distinction is also
supported by the analytic expressions of both methods, as shown by Eq. (20) and (23). For
the generalized analysis, it is clearly seen in Eq. (20) that the ratio is majorly dependent on
the current I01 and I02, and nonlinear effect is only a very small portion much less than 1.
For example, this nonlinear function takes only 7% when using general analysis to acquire
the ratio curve. For the direct derivation method, the nonlinear capacitance effect is fully
contained to obtain the pure resistance change and thus the fluctuation contained in the data
is transferred into the expression of resistance. Also in the direct derivation method,
determination of the capacitance C is only based on a few points at the beginning of
process.
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Figure 5-12. Comparison plot of theoretical results and experimental data using direct
derivation method for sample 6, along with another two profiles showing the
uncertainty of this data fitting process.

Table 5-2. Corresponding results calculated from generalized analysis and direct
derivation methods for eight nanowire samples.

Sample
1
2
3
4
5
6
7
8
a

(× 10-6 m2/s)
3.27
2.61
6.62
5.61
2.01
2.30
1.71
2.03

keff c
(W/m·K)
4.17
2.26
7.25
6.72
2.42
4.14
4.09
5.85

α1,real d

(× 10-6 m2/s)
1.30
1.92
4.18
4.60
1.51
2.14
1.65
1.45

α2,real e

(× 10-6 m2/s)
1.45
1.75
5.61
4.37
1.40
2.02
1.19
1.16

α2,eff: effective thermal diffusivity obtained based on the direct derivation method.

keff: effective thermal conductivity.

d
e

(× 10-6m2/s)
2.94
2.69
4.94
5.91
2.01
2.44
2.14
2.40

α2,eff b

α1,eff: effective thermal diffusivity obtained based on the general function analysis method.

b
c

α1,eff a

α1,real: real thermal diffusivity obtained based on the general function analysis method.

α2,real: real thermal diffusivity obtained based on the direct derivation method.
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Both the generalized analysis and direct derivation prove feasible methods to rule
out the nonlinear effect and to acquire pure resistance or voltage data for global fitting, as
shown in Fig. 5-9 and Fig. 5-10(b). Table 5-2 lists the thermal diffusivities of all eight
nanowire samples using the two methods and graphic comparison between two sets of
thermal diffusivity is displayed in Fig. 5-13. The thermal diffusivities calculated by using
both methods fall mainly in the range from about 2 to 6.5 × 10-6 m2/s with similar
distribution and only very few discrepancies are observed, suggesting that both methods are
capable of excluding nonlinear effects to give more accurate thermal diffusivity. Detailed
percentage of difference between the two sets of thermal diffusivity calculated from the two
methods are mostly lower than 15%, except sample 3 and sample 7, the differences of
which are about 25%. Considering the consistent vicinity of other data, the distinct
deviations for sample 3 and 7 may be attributed to particular disturbances included in the
preparation procedure. Except these two value sets, other data demonstrated high
agreement. Further examination reveals that the thermal diffusivities from direct derivation
are mostly a little lower than those from generalized analysis while exceptions are
identified for sample 1 and 3. This difference is analyzed before and is caused by several
reasons, such as different consideration of heat source, different selection of experimental
data and different simplifications made to derive the capacitance. In addition, distinct basis
of the two methods is also accountable. For generalized analysis, due to the unknown
factors of nonlinear effects, an expression from Ohm’s Law is applied by simplifying those
effects into a general function form f1 regardless of any particular effects. For direct
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derivation, assumptions are made that the whole setup is a simple RC circuit and at the very
beginning electrical heating effect is negligible thus the resistance is treated a constant.
Under these circumstances, direct derivation presents higher quantitative accuracy although
its utilization requires more strictly examined conditions. On the other hand, the generalized
analysis presents higher adaptability to a variety of conditions. For instance, because it
concerns much less about the time-related effects, it can be used to handle samples with
faster thermal response time or current source with relatively long rise time.
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Direct derivation
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Figure 5-13. Effective thermal diffusivities calculated from two methods for all
nanowire samples.

The thermal diffusivity obtained so far is all effective values, meaning that the
impact from iridium coating is still included. Based on the nature of the coating, the overall
effective thermal diffusivity is assumed to be a superposition of the thermal diffusivity of
both TiO2 nanowire and iridium film. Additionally, Wiedemann-Franz law is applied to
interpret the influence of iridium coating because that its thermal and electrical properties
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are known already. The consequence is the Lorenz number of iridium is then imported to
derive the real thermal diffusivity of pure TiO2 nanowire. With derived effective thermal
conductivity [26], overall effective volume-based specific heat is obtained as Ceff = ρcp =
keff / αeff. Then the real thermal diffusivity is expressed as αreal = αeff - (LLorenzTL/RAwCeff), in
which L and Aw are length and cross-sectional area of the nanowire, R is the resistance and
T is the temperature. With this expression, the impact from iridium coating is consequently
eliminated and thermal diffusivity of pure TiO2 nanowire is obtained, as those listed in
Table 5-2.
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CHAPTER 6. CONCLUSION
As can be seen in this work, the thermophysical properties study of micro/nanoscale
materials is a complicated and delicate process, combining knowledge from sample
preparation, structure diagnosis, heat transfer study and data analysis. Samples have to been
fabricated so that controllable thermal energy could be excited along particular direction or
at specific locations. Precise design of experimental apparatus and selection of source of
thermal excitation better helps to achieve this goal. For example, in this work, temperature
rise is induced by either electricity (TET) or laser beam (PLTR). Electricity source is easy
to control and to quantify, by proving accurate value of the heat flux. Compared with the
electricity, laser beam is more suitable if a localized temperature increase is needed. In
addition, as an ultrafast heat source, PLTR can also be applied to study ultrafast thermal
transport phenomenon. After inducing desired temperature distribution, proper probing
technique is required to sense the temperature change and the choice of probing technique
is strongly dependent on the material and its geometry. Both TET and PLTRs techniques
implement the electricity to sense the temperature (steady or transient response). In the
development of the techniques to characterize micro/nanoscale thermal transport, simplicity
is of paramount importance. Complicated system inevitably brings in more uncertainties
and factors that need to be considered. Therefore, for both TET and PLTR2 technique, the
setup is kept simple so that appropriate assumptions are made to ensure the feasibility of
analytical solutions. Even so, many unnecessary effects and factors are observed for the
measurement and the results, For example, the nonlinear effects within the characterization
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of TiO2 nanowires. Approaches are developed to eliminate the nonlinear effects based on
the original data. However, some other factors from the scientific equipment, the
measurement of dimensions and others may not be able to be completely excluded and will
contribute to the accumulated uncertainty in the techniques. Therefore, an in-depth
understanding of the thermal transport and proper assumption are both required for the
characterization of micro/nanoscale materials, otherwise, anomalous results could be
induced.

6.1 Thin films
Two different types of thin films were fabricated and studied using various
techniques. As a typical conducting polymer, P3HT thin films were fabricated using spin
coating technique from solution of different P3HT weight percentages: 2%, 3%, 5% and
7%. The TET technique combined with a temperature-resistance calibration procedure was
employed to determine the thermophysical properties. P3HT solution of different weight
percentages in fabrication contributed to different physical properties, such as thickness and
density. The thickness of spin-coated P3HT thin film was tens of micrometers and the
density varies from 878 to 1640 kg/m3. Considering the included measurement uncertainty,
average thickness and density at each solution weight percentage were positively affected
by the P3HT solution weight percentage. The thermophysical properties were also
influenced by the P3HT solution weight percentage and density. The thermal diffusivity
decreased from 1.03×10-6 to 5.75×10-7 m2/s with increasing P3HT solution weight
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percentage while the thermal conductivity presented only moderate influence from the
P3HT solution weight percentage. Compared with P3HT solution weight percentage, the
final film density is a more representative parameter to study the variation of thermal
diffusivity and thermal conductivity. The film thermal conductivity increased with density
while the thermal diffusivity decreased. The thermal diffusivity decrease demonstrated the
effect of density on storing energy is more than that on increasing thermal conductivity.

Because spin coating technique can induce strong anisotropy with crystal structure,
which consequently leads to anisotropy with mechanical/thermal properties, P3HT thin
films fabricated using spin coating were also investigated for the anisotropic thermal
transport. Raman spectroscopy diagnosis showed that the spin-coated P3HT thin films in
this work embrace aligned molecular chains and present strong anisotropy within the crystal
structure. By referring to the orientation of the aligned P3HT molecular chains, a 3dimensional characterization system was created to distinguish the thermal transport along
three distinct directions: parallel to orientation ( P ), in-plane perpendicular to orientation (
⊥,in ) and out-of-plane perpendicular to orientation ( ⊥, out ). PLTR2 technique, which is

capable of studying both in-plane and out-of-plane direction thermal transport, was
employed for 3-dimensional characterization of thermophysical properties. As a validation
of results from PLTR2 technique, TET technique was also used. Thickness of spin-coated
P3HT thin film varied from 10 to 35

m. Thermal conductivity and thermal diffusivity

both presented strong anisotropy based on the orientation of molecular chains. For thermal

www.manaraa.com

137

conductivity, the anisotropy factor was about 2 to 3, lower than polymer films that comprise
perfectly aligned molecular chains. This anisotropy with thermal conductivity generates
from the anisotropy with crystal structure. Strong covalent bonding within the molecular
chain strengthens the phonon transport while the interactions among the chains are much
weaker. For thermal diffusivity, same anisotropy with thermal transport is also supported by
measured results. Along out-of-plane direction, thermal diffusivity was observed to be
around 1 to 2 × 10-7 m2/s and thermal conductivity was just about 0.2 W/m·K, almost one
order of magnitude lower than the other two directions. It is because the spin coating
process squeezes the curved molecular chains into a thin layer of just a few microns and
there are very few interactions among the chains along thickness direction. Density of
P3HT films was also deduced based on the definition of thermal diffusivity and is much
lower than the literature value, due to the highly porous structure caused by spin coating
process.

Other than polymer materials, as an excellent candidate for photocatalytic effect,
TiO2 thin films of thickness around 60 µm were fabricated using electrospinning technique
and interior interconnected TiO2 nanowires was confirmed by AFM images. Raman
spectrum indicated that it is the anatase polymorph of TiO2 after annealing at 500ºC. The
TET technique was adopted to provide a full spectrum measurement of the film thermal
diffusivity, density, and thermal conductivity. The obtained effective thermal conductivity
ranges from 0.06 to 0.36 W/m·K while the effective density changes from 25.8 to 373
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kg/m3, significantly lower than reported bulk value because of the disordered and loose
crystalline structure nature of the sample films. It means bulk values may not be appropriate
in the design of thin optical films. With the density increase, the thermal conductivity
presented an ascending profile showing that the thermal conductivity of thin film is strongly
influenced by the density. A physical model was developed to estimate the intrinsic thermal
conductivity of TiO2 nanowires based on the measured thermal properties of the thin films.
The calculated intrinsic thermal conductivity (4.67~12.2 W/m·K) of TiO2 nanowires varies
within a range one order of magnitude higher than that of the thin film, and is acceptably
comparable to the value of bulk material 8.5 W/m·K considering the uncertainty introduced
into the model and experiment. A calculation of mean free path based on the intrinsic
thermal conductivity of TiO2 nanowires demonstrates that the nanowire size has negligible
impact on the phonon transport and the major restriction on the heat transfer originated
from the crystalline structure defect.

Although thin films in this chapter have similar appearance, their internal structure
features totally diverse nature. The TiO2 thin film embraces internal network of
interconnected TiO2 nanowires and high porosity is observed from Fig. 4-2. Phonon
transport is highly impacted by the scattering with the vacancies and imperfections;
therefore the determined thermal conductivity is significantly lower than bulk value of its
counterpart. On the other hand, for P3HT film, spin-coating process has strongly spread the
P3HT solution drops into extremely thin layer and distinct thermal property anisotropy is
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observed. In addition, the thermal conductivity from P3HT thin films is close to or even
higher than that of regular polymer materials, indicating that the phonon transport in P3HT
suffers less influence from vacancies scattering compared with TiO2 films. The reason why
its thermal conductivity is slightly higher than regular organic materials is probably because
the P3HT presents certain electrical conducting property compared with other nonconductive organic materials.

6.2 Nanowire
Based on the study of TiO2 thin films, single TiO2 nanowire, which is considered to
be the intrinsic unit composing TiO2 nanofilm and nanowire array, was exclusively studied.
High-oriented and aligned TiO2 nanowires were firstly fabricated by electrospinning and
then collected over a pre-processed TEM grid. After hydrolysis and calcination, only one
TiO2 nanowire was particularly picked for followed characterization process. Raman
spectra indicate that the obtained single TiO2 nanowire is of anatase polymorph. SEM
images verify that the calcination in which both decomposition of PVP content and
transition of TiO2 crystalline structure happen strongly distorts the fibrous structure and
induces obvious aggregation of TiO2 particles, consequently resulting in secondary porous
structure. This porosity is further confirmed by results from thermal characterization
procedure. Via TET characterization, the obtained thermal conductivity varies from 1.38 to
6.01 W/m·K while the effective density changes from about 1155 kg/m3 to 2830 kg/m3,
significantly lower than reported bulk value because the structural distortions and
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imperfections strongly hampers the phonon transport. With the density increase, thermal
conductivity and thermal diffusivity slightly presented corresponding varying tendency.
With the density, an overall porosity of the nanowire can be estimated. For all samples in
this chapter, the highest porosity is less than 73%, showing that the crystal structure
contains vacancies and spacing and are looser than ideal bulk material. The diameter of the
nanowire was also investigated to understand its relationship with thermal properties. The
changing range of the diameter is very limited, from 250 to 380 nm. Within this small
variance, thermal conductivity and thermal diffusivity simply show certain fluctuation with
moderate trends. Density changes more strongly with the diameter, indicating that when
diameter varies, the level of vacancies and irregularity may be affected significantly. An
error analysis is given to show the accuracy of this experiment in measuring the
thermophysical properties and it is demonstrated that errors related to all parameters are
controlled within acceptable ranges considering various uncertainties in the experiment.

Due the complexity existed with the sample preparation, time-dependent nonlinear
effects are observed within the recorded voltage-time profiles. This nonlinear effect is
expected to be related to capacitance and the current is shunted that the current going
through the sample varies with time. This nonlinear effect has caused that the U-t profile
recorded over the sample cannot be used for data analysis directly because the exact time
when the current reached a full value was obscure. Two quantitative methods were
developed to exclude the nonlinear effects to assist accurate derivation of thermal
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properties. Generalized function analysis made use of two signals and constrained the
nonlinear time-dependent effect into a small term. The direct capacitance derivation
presumed that the whole setup to be a simple RC circuit and the directly derived the
resistance change against time. Thermal diffusivities determined using the two methods are
in ideal agreement with each other in of 2 to 6 × 10-6 m2/s while small difference was
observed due to the distinct principle differences between these methods. The uncertainty
of this fitting was also studied by altering the value of thermal diffusivity to identify
significant difference in global data fitting. Compared to the direct derivation method, the
generalized analysis is more applicable to situations that a current source has relatively long
rise time or the material has relatively fast thermal response.
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