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Abstract

Development of nanoscale heat control methods and devices featuring an
operating principle which proactively utilizes the heat generation on a
nanoscale is strongly expected. Under a thermoelectric field, understanding
the nanoscale behaviors of heat transport, and controlling and using the
characteristics thereof will become strongly important. In the nanoscale, the
heat transport in a material should be treated in terms of the transport of
phonons. There are several ways to control heat transfer such like
fabrication of nanostructure. However, some nanostructure’s scale is less
than the mean free path of phonons (1 nm-100 um), the correct
understanding of heat transfer and designing is impossible unless transport
of phonons are controlled. Therefore, in this study, the purpose is to ensure
the establishment of a nanocomposite structure with hybrid of organic and
inorganic materials for controlling the thermal conductivity. However, a
finely controlled nanostructure is difficult to realize. Therefore, bio nano
process (BNP) was utilized to fabricate the nanostructure due to uniform

protein ferritin shape and capacity.
Fabrication of distance controlled nanoparticle array

BNP was utilized to fabricate the nanostructure and bring in the hybrid of
organic and inorganic materials. As optimized conditions, ferritin
concentration of 0.01 mg/ml and ammonium acetate ion concentration of
10 mM, were used in the experiment. In order to control a separate distance
(SD) of nanoparticles (NP), polyethylene glycol was modified on ferritin
surface. The PEG-ferritin with molecular weight of 2k, 5k, 10k and 20k

were dropped on the samples and held for 3 min. During this incubation



time, PEG-ferritins adsorbed on to the Si0, surface. Then, the solution was
removed utilizing the spin coater. Finally, the NPs on the samples were
observed using SEM (Fig. 1). To analyze the distribution of NPs, the radial
distribution function (RDF: g’(r)) was introduced into this study. The
calculated RDF using SEM images are shown in Fig. 2. As the results shown,
SD increase along with PEG weigh increase. In solution, length of PEG is
much longer than Debye length of ferritin, which means repel force of PEG
became main reason for SD control.
Thermal conductivity of nano-composite film

For investigation of thermal conduction by nanostructures, effect of grain
boundary and electric current should be avoided, therefore, amorphous
insulator material Si0,, was selected as a thin film material. PEG20k-
ferritin was chosen to fabricate nano-composite structure, due to mean free
path of SiO; have a large distribution range (10 nm-1 pum). After the control
of protein distribution, Si0, was deposited directly on PEG-ferritin with
iron core. The processes were repeated. The samples within 0, 3 and 5 layers
of protein were fabricated. The nanostructure was confirmed by cross-
sectional TEM images (Fig. 3). The dots in the SiO; film show the white
shell and black core which were assumed as protein ferritin with PEG and
FeOyx NPs, respectively.

After setup and optimization of 3@ measurement system, samples were
evaluated for thermal conductivity in out-plane direction. Changes of
thermal conductivity (Ak) were contrasted between nanostructure with and

without organic shells (Fig. 4). And the results of measurement indicated



that protein shell have efficient effect on phonons scattering, thus thermal
conductivity decrease. On the other side, thermal conductivity increased
due to NPs material which have a higher thermal conductivity than film.
The organic shell can cut off the phonons at mean free path of the layer
thickness.
Conclusion

According to results, hybrid nanostructure using BNP can control a
materials’ thermal conductivity by protein shell or different core materials.
Hybrid nanostructure show excellent performance for protein in nanoscale
scattering phonon effectually, and thermal conductivity was decreased

much.
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® Chapter 1

1 Introduction
1.1 Background

Along with the increase of awareness of the deleterious effect of global
warming on the planet’s environment, a renewed requirement for long-life
electrical power sources and high efficiency devices is becoming clear.
Around 34% of the total energy consumed from primary energy sources such
as fossil fuels are effectively used while the remaining 66% is released to the
natural environment as waste heat in the world today. Particularly, the waste
heat below 150 °C almost takes over 50% in total waste heat. Low
temperature waste heat is difficult to utilize because it is localized and diluted.
Thermoelectric converter can just convert thermal energy into electric energy.
Thus, the studies of thermoelectric have attracted more and more attention.
Thermoelectric conversion is an excellent way to harvest waste heat for
power generation.

Thermoelectric studies started in 1821 when the Seebeck effect is
discovered. However, the efficiency in current thermoelectric research is still
too low for wide application. New materials and their structures have been
found recently and on the basis of presented novel properties, thermoelectric
devices will be widely used in short future.

There are three important effects in thermoelectric effect; Seebeck effect
(V=S - AT where V'is generated voltage, S is Seebeck coefficient, 47 is the
difference of temperature), Peltier effect (¢g= 7 - I where ¢ 1s thermal current,

 1s Peltier coefficient, / is electric current) and Thomson effect (g=pf - I -
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AT, where g is thermal current, f is Thomson coefficient, / is electrical
current, A 7'is the difference of temperature). This study focuses on Seebeck
effect by which heat energy can be converted into electrical energy. And the
7 structure is always composed of thermoelectric device (Fig. 1.1).
Recently, because of the development of theoretical and computational
methods, the thermoelectric efficiency has been greatly improved.
Applications of thermoelectric effect have almost become possible, although
challenge. One of the basic problems is the thermoelectric figure-of-merit,
ZT=0S’T/x, where o is electric conductivity, x is thermal conductivity which
consists of lattice thermal conductivity x, and electron thermal conductivity
k.. This figure-of-merit can provide the efficiency or performance of a
thermoelectric material. Therefore, the evaluation of a thermoelectric
material is defined by o, T and «x. But these parameters are not independent,
for example the optimization of Seebeck coefficient for materials will change
the electrical properties. Some process such as doping can increase the
density of electrons, thus ¢ increased, but Seebeck coefficient and thermal
conductivity will also change (Fig. 1.2). Thus, optimization of Z7 is the most

difficult problem.
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According to recent developments in thermoelectric materials, it is possible

that this problem will be overcome soon. The thermoelectric field has gotten



remarkable developments in improving thermoelectric properties due to the
recently gained possibility to fabricate nanostructured materials such as

4 and nano-composites>®. The

quantum dots!, superlattices?, nanowires>
highest value of ZT in recent report can almost reach up to 2.8, since one way
to achieve high efficiency is nano-composited material. The common point
for all these researches is the reduction of thermal conductivity. However,
nanoscale thermal analysis is very difficult, especially, the nanoscale thermal
analysis in amorphous materials. The heat transport in a material should be
treated in terms of the transport of electrons and phonons. For electrons, from
the Wiedemann-Franz law:

Ke=LTo (1-1),

where k. is thermal conductivity by electrons, L is Lorenz number, 7 is
temperature, o is electrical conductivity, we know current of electrons work

for thermal conduction. On the other hand, phonons’ contribution to thermal

conductivity can be written as the following formula

k=30, CEvi@dx (1-2),

where k; is thermal conductivity by phonons, 8, is Debye temperature,
C(x) is specific heat for phonons at frequency x, v is group velocity of
phonons, [(x) is the mean free path for phonons at frequency x. The
formula 1-2 is under Debye approximation which fit acoustic phonon modes,
except optical phonon modes which have minute contribution to thermal
conductivity because of low group velocity. For an isotropic system, the

common formula for both acoustic and optical phonon modes is



ke, = 2 Cvl (1-3).

The Wiedemann-Franz law can describe pure metal perfectly in all
temperature regions and do main contribution of thermal conductivity for
normal metal and degenerate semiconductor (Figure 1.3). But for

nondegenerate semiconductors and insulators, phonons mainly work for

thermal conduction. Furthermore, in thermoelectric field, the dimensionless
, . S? KL\—1 12
figure-of-merit can be written as ZT = " 1+—)"" (14~
K
e

From formula 1-4, we know that the figure-of-merit increase along with the
decrease of thermal conductivity in phonons’ part. Therefore, this research
focuses to reduce thermal conductivity by phonons. The concept of phonons
is rather old since it was discovered around the beginning of the 20th century.
Nevertheless, the understanding and the control technologies of heat based
on phonons were much delayed compared to electronic properties and optical
properties, since deep understanding and control have rarely been necessary
for device development to date. Especially for thermoelectric materials, one
of the most important ways to obtain improvement of the systems’ efficiency
is to introduce nanostructures into materials®'!, to reduce thermal
conductivity. In all examples of nanostructures, nanoporous or thin films
including organic or inorganic nanoparticles are made of not only materials
with well electric properties such as BiTe but also materials which are
supposed to be insulator such as SiO,, a-Si, etc.!3!> The data about thermal

conductivity and electrical conductivity for materials indicate that there are

advantages and disadvantages for both organic and inorganic materials



(Figure 1.3). Organic materials usually have low electrical and thermal
conductivity while inorganic materials are on the opposite spectrum.
Consequently, the mixture of inorganic and organic materials can be

expected as a great improvement for both thermal and electrical properties.
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Figure 1.3 Relation between thermal conductivity and electrical conductivity for different

materials'®.



1.2 Nanoscale Thermal Conduction

Although thermal conduction at nanoscale is becoming progressively
notable along with nano-technology improvements, there are several typical
issues such as ensuring that nanoscale devices functionally and reliably work.
The study of nanoscale thermal conduction not only benefits the thermal
conductivity decrease in thermoelectrics but also consists of critical
evaluation of nanoscale electronic devices. Even though the analysis of
nanoscale thermal conduction becomes increasingly important for
refinement of electronic devices. The problems of heat generation and
dissipation by miniaturized devices on a nanoscale work as limiting factors
against advanced performances. To resolve such problems, the development
of nanoscale heat control methods is strongly expected. In the thermoelectric
field, how to control thermal flow by nanostructures can enable more
efficient energy conversion.

Even though scale is the sole difference, thermal conduction in macro- and
microscales is significantly different. Because when the scale of the structure
is near the phonons’ mean free path or wavelength, the classical rule for
thermal conduction may not be so accurate'”- '¥. For example, the Fourier law
(@ = —kVT) fails when predicting nano-composited structure. Therefore, in
the present proposal, the purpose is set out to ensure the innovation of
materials and devices by deepening the understanding of heat in the
nanoscale region from the perspective of nanoscience, thereby establishing
heat control and utilizable technologies. Here, the new theoretical discipline

to manipulate the transport of phonons and control the transport of heat by



handling the heat transport with the manipulation of phonons and using
artificial structures will be utilized as phonon engineering.

The strategies to reduce thermal conductivity are to decrease the specific
heat and average group velocity by changing the dispersion relations or
shortening the mean free path by boundary or interface scattering as known
from formula 1-3. All these three parameters are related with each other by
the phonons’ frequency (formula 1-2) or scale of the artificial nanostructure!?.
Therefore, this study discuss the thermal conductivity from the mean free
path (MFP) and nanostructure’s scale. MFP can be written as

l(w) =vr(w) (1-5)
where 7(w) is the relaxation time at frequency w. The behavior of thermal
conduction is totally different depending on the different wavelengths of
phonons. For instance, phonons with a wavelength comparable to or smaller
than the atoms’ distance scale, have high energy and short MPF. All those
phonon modes does not contribute much to heat transfer because of U
process (Umklapp-process) and scattering by boundary or impurities. These
modes are called thermal conductivity accumulation!®2!. For a-Si, the
thermal conductivity accumulation’s MFP band is predicted in the region of
10 nm-1 pm. If the phonons’ MFP is much shorter than nanostructure scale
or roughness, the phonons’ behavior will appear as diffusive transfer mode.
On the other hand, if the phonons’ MFP is comparable to or longer than scale
or roughness of nanostructure, the phonons’ behavior will appear as ballistic
transfer mode. Furthermore, in the condition of wavelength much longer than

nanostructure scale or roughness, the phonon acts as classic wave mode, and



coherent effects can be observed easily??. All these relations between
phonons’ wavelength and nanostructure scale can be comparable to the
relation between phonons’ MFP and nanostructure unit scale which will be

discussed later in chapter 5.

1.3 Bio Nano Process

Organisms including us, consist of organic and inorganic matters which are
highly self-organized. This bottom-up type structure with higher order has
various properties such as physiological functions or excellent mechanical
properties. Proteins, very important components of organisms, are organized
by 20 kinds of amino acids, which have various appearances and functions.
Organisms use the mechanism by which protein can be synthesized mistake-
free by gene sequence. Proteins has also have direct relationships with the
organism performance, thus, without right transcription, the organism’s
functions and structures cannot be kept stable. Similar to the fabrication
process of nanostructure, the uniform structure is a critical point to be
expected.

This research also focuses on Bio Nano Process (BNP) which uses proteins
to fabricate nanostructure. BNP is a biological technology using
biomineralization of biological supramolecule, which is highly self-
organized and selectively adsorbed, to fabricate nanostructure.
Biomineralization is the process by which living organisms produce minerals.

These minerals often form structural features such as seashells and the bone



in mammals and birds. Through BNP, there are several methods to create
nanostructure as follows:

(1) Spherical shell proteins or viruses including cavities, are used to
synthesize nanoparticles or nanorods, etc. inside the things by
biomineralization. The inorganic materials synthesized inside cavities
should be synthesized uniformly according to structure of biological
supramolecules which are used as template materials.

(2) According to the technology of self-organization or selective adsorption,
create the designed structure using biological supramolecules.

(3) Finally, after the biological supramolecules are removed by thermal
treatment or film deposited, etc. functional nanostructures will be created.

There are a lot of devices such as one electron transistor’), ReRAM
(resistive random access memory) 2*2°, Dye Sensitized Solar Cell (DSC) 26,
thermoelectrics?’, etc. that have been fabricated by BNP, most recently.
According to schematic figures of BNP (Figure 1.4), BNP is a combination
of bottom-up technology using protein and top-down processes such as
photolithography, to fabricate difficult nanostructures. Furthermore, the
next-generation devices are expected. Even though there are many kind of
biological supramolecules such as proteins, virus, etc, in this research, cage

protein ferritin was used as biological supramolecules.
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Some nano-functional
structures were successfully
produced by the BNP

Figure 1.4 Schematic figures of Bio Nano Process?®.

Ferritin is a universal intracellular protein which stores or releases iron in a
controllable process to keep the iron balance in living organisms. The protein
is produced by almost all living organisms, including algae, bacteria, higher
plants, and animals. For human beings, it acts as a buffer against iron
deficiency and overload. Ferritin is self-organized by 24 monomer-subunit
of protein and the molecular weight is about 460000 Da. These subunits have
two types, the light (L) and the heavy (H) type with an apparent molecular
weight of 19 kDa or 21 kDa, respectively. In this study, the ferritin we used

only consists L type subunits and is known as L-ferritin, because L-ferritin

11



has better thermal stability. The residues on N-terminal of the subunit are
considered as a reason for structural instability when pH value is changed.
Recombinant ferritins (Fer4, Fer8) where 4 or 8 residues are removed from
ferritin’s N-terminal amino acid are also widely used. The shape of ferritin
is cage-like with inner-diameter about 7 nm and outer-diameter about 12
nm?’ (Figure 1.5). There are some oxidation states in the active site on

ferritin’s subunit. At these positions, after oxidation of ferrous ions,
ferrihydrite (5Fe,O3 * 9H,0) consisting of about 4000 iron atoms exist inside

ferritin is considered to have a crystal structure. Ferritin without ferrihydrite

core is called apoferritin.

Monomer-subunit x 12

Nanoparticles

<€ > <>
12 nm 7 nm

Figure 1.5 Schematic figure of ferritin.

In nature, ferritin contains iron ions, but it also has ability to contain other
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metal ions in order to synthesize many kinds of nanoparticles as previously
reported. For instance, oxides such as Co304, NiOy, InOy, etc. or sulfides
such as Aw,S, CdS, etc. have already been reported as ferritins’ possible cores.
Through this method, uniform nanoparticles can be created because the
synthesis is almost only occurs inside the ferritin. The ability of adsorption
on ferritin surface can be improved by changing the gene sequence. On the
other hand, the attachment surface also can be modified in order to fabricate
nanoparticles’ distribution pattern from one to three dimensions.
Furthermore, surface of ferritin also can be modified to create nanoparticles’

distribution which will be introduced in chapter 2.

1.4 Purpose of This Study

Along with refinement of devices and materials to nanoscale, nanostructure
should be employed as a solution for problems in nanoscale thermal
conduction. Therefore, analysis of thermal conduction in nanostructure is
necessary. However, behaviors of thermal conduction in nano size are
different from those in bulk. It is necessary to establish a new understanding
that should be referred to as the thermal nano-science and the thermal nano-
engineering. For the thermoelectric field, in all main research directions of
thermoelectric conversion, there are two primary approaches taken to

overcome thermoelectric low figure-of-merit challenges. One approach

13



focuses on creating new materials: researchers try to synthesize complex
materials which have the desired properties. These materials have very
complex crystal structures which present a low lattice thermal conductivity.
The other approach focuses on creating nanostructured materials. By using
simple materials through fabrication of nanostructures, it is easier to
optimize thermoelectric properties. This study uses a nano-composite
structure which is one remarkable method of nanostructured forms to control
lattice thermal conductivity.

The research include heat measurement, theoretical simulation of phonon
transport, and fabrication of composite nanostructures. All these studies aim
at analysis of the nanostructure effect on thermal conduction. After
optimization of the nanostructure, phonon transport control by
nanostructures can be expected. Furthermore, it is also possible to create new

technologies for improvement of materials and devices.
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® Chapter 2

2 Control for Separated Distribution of Nanoparticles
2.1 Introduction

Nanoparticles (NPs) have recently attracted great interest because of their
potential to be used as components in nanotechnology. Therefore, many
methods to produce NPs have been studied. Physical methods include
grinding materials, laser abrasion, and ion injection. Chemical methods
include the sol—gel method and the trioctylphosphine oxide (TOPO) method.
Using a nanometric cavity for synthesizing NP is another method'. This
method has been known as Bio Nano Process. In this method, apoferritin is
used as a cage to transport metal complex NPs. There are many applications
for these NPs such as solar device or memory, which need to distribute NPs
array on a solid surface. In this situation, NPs and their separation distances
(SD) play important roles in producing functional nano-composite structures.
To achieve controlled structure in nanoscale, BNP was proposed to be used?.
As an important part of BNP, ferritin protein molecule consists of 24
polypeptide subunits. The ferritin protein shell with inner and outer
diameters of 7 nm and 12 nm, respectively. Its outer face can be modified to
change conditions of adsorption® *(Fig. 2.1). The process has been developed
to make two dimensional array of ferritin with NP on a SiO, surface, which
produces independent NP array after protein shell elimination. By using the
apoferritin cavity, a lot of homogeneous NPs have previously been
synthesized>!!. The interaction between ferritin and substrate surfaces has

been identified as significant research!””!® along with more general
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considerations concerned with NP adsorption'®. Numerous NP
nanostructures have been fabricated utilizing ferritins!”?’. Although the
process was intensively studied®® ?°, detailed analyses are not sufficient.
Moreover, new analysis methods should be developed. Many conditions
affect the ferritin adsorption density. PEGylated ferritin (ferritin modified by
polyethylene glycol) with different length of PEG and different
concentrations of ammonium acetate solution was used to analyze the
relationship between adsorption and effective conditions in detail. After that,

nano-composite structure can be fabricated further.

pl12Znm

Ferritin PEG_‘ ,
Ferritin

Figure 2.1 Schematic figure of ferritin protein with iron core and PEGylated ferritin.

2.2 Preparation of PEG-ferritin
2.2.1 Synthesis procedure

At first, preparation and purification of Fer8 which is a new type of ferritin
are necessary. The FerO which is a basic type of ferritin consist of all L-type
ferritin sub-unites. And Fer8 is the ferritin wherein 8 amino acid residues are

removed from N-terminal of FerO (Fig. 2.2). Because of this change, Fer8
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surface is negatively charged, giving less steric hindrance to makes it easier
to modify the ferritin surface. Finally, the protein concentration

determination will be done by Lowry method.
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Figure 2.2 Base sequence of Fer0 and Fer8>’.

Then, the lysine residues on the surface of ferritin were reacted with PEG
succinimide ester (NHS-PEG-OMe). The detail of experimental protocol is

described below:

I. Weigh designed amount of NHS-PEG-OMe, which was bought from
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outside, per subunit of ferritin in a falcon tube.

II. The powder described above was dissolved in 5.0 mL of 100 mM
potassium phosphate buffer (pH = 8.2), and was filtrated by 0.20 pm
membrane filter (ADVANTEC, DISMIC-25CS).

II1. Fer8 (1.0 mg) with an iron core dissolved in 100mM phosphate buffer
(pH = 8.2) was mixed with the PEG derivative solution in step 2. Adjust
the final concentration of ferritin to 0.2 mg/mL.

IV. At 4°C, the reaction solution from step 3 was kept in a dark place for 60
hours.

After completion of the reaction (Figure 2.3), the solution was transferred
to a dialysis tube and dialyzed three times by 100 mM solution (pH = 7.0) of

HEPES-NaOH in order to remove PEG in solution. Then the concentration

of protein was confirmed by Bradford protein assay.

Biomineralization

o] o]

Hatt— Y RO {:“’OMPEG/"”Q

]

Lys of Fer8 Lys of Fer8 NHS-PEG-OMe
Amidation,
100mM PB pH=8.2

4°C,60h PEGylation of Fer8

Figure 2.3 Process of modification on ferritin surface.

2.2.2 Characterization of PEG-ferritin
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In order to research the mechanism of adsorption of PEG-ferritin to the
substrate, the PEG-ferritins were characterized by some spectroscopic
methods and calculation. Debye length of PEG-ferritin in solution can be
calculated, but the real length of PEG layer on ferritin in solution still needs
to be measured. Furthermore, the basic issues like proving the modification
on ferritin must be confirmed at first. Thus dynamic light scattering (DLS)
measurement and matrix assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF/MS) measurement were done.

From the result of MALDI-TOF/MS analysis (Figure 2.4), attachment of
PEG on the Fer8 (Fe) is confirmed and that 2-3 PEGs are attached per ferritin
subunit. That means almost 48-72 PEGs are attached per ferritin. In addition,
this density is thought to make an interaction between each ferritin when
adsorption occurs. Otherwise, the DLS measurement results shown in Table
2.1 indicate the real diameters of PEG-ferritin in solution. In other words,
the PEG layer on ferritin interacts with each other strong in those distances.

These data will be inputted into a simulation as the rigid balls’ diameters.
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Figure 2.4 Results for analysis of apoferritin, PEG2000, 5000, 10000, 20000-ferritin by
matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-

TOF/MS).
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Table 2.1 Dynamic light scattering (DLS) measurement results for apoferritin, PEG2000,

5000, 10000, 20000-ferritin. Measurement conditions in protein density of 0.2 mg/ml and

NaCl solution concentration of 10 mM.

PEG w/o | 2000 | 5000 | 10000 | 20000
12.7 17.0 | 24.6 | 35.8 45.2
Diameter
nm nm | nm nm nm
PEG- 2.2 6.0 11.6 16.3
length nm nm nm nm
Zeta -12.8 | -7.9 | 4.8
potential \% \Y A%

2.3 Control of Separated Distance of Nanoparticles by lon Strength

There are many methods to control SD of NPs. For example, making
adjustment of protein concentration is most simple way to control the density
of adsorption on substrate, in other words, control SD of NPs. Changing ion
strength in solution or chemical modification of ferritin both focus on
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protein-protein interaction directly. Of course, the conditions of experimental
process also have effects on SD control. Among all methods, just choosing
one may not work well. Therefore, optimization of methods will be discussed
in this research. But first of all, PEG-ferritin as one of important implements

in this experiment should be introduced.

2.3.1 Introduction

NP and their SD play important roles in functional nano-composite material
which has low thermal conductivity. As stated before, the process to make
two dimensional array of ferritin with NP on a SiO; surface, which produces
independent NP array after protein shell elimination has been developed. In
order to control the materials’ properties by nano-composite structures, novel
methods which can control the density and separation distances of ferritins
in nano-scale is needed. There are many conditions affect the ferritin
adsorption density. PEG2000-ferritin (ferritin modified by polyethylene
glycol) was used in different concentration of ammonium acetate solution to
analyze the relationship between adsorption condition and ammonium

acetate (AA) concentration in detail.

2.3.2 Experiment
PEG2000 was used for modification of L-ferritin (Fer8) to synthesize an

iron-oxide core inside the ferritin (Figure 2.5). Then, 1x1 cm Si substrate
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with 3 nm thick thermal oxide layer were cleaned with acetone, methanol,
and then with pure water. After the cleaning process, the substrate was
treated by UV-Ozone for 10 min at 115°C in order to make a hydrophilic
surface. Then, the substrate was put into pure water for storage before the
next step of the experiment. After performing a spin dry process, the
PEG2000-ferritin (0.05 mg/ml) with Fe core at the ammonium acetate
concentration of 1 mM - 10 mM were dropped on the sample (50 puL) and
held for 5 min. Then, the solution was removed through spin-coating. The
experiment conditions for spin-coating have been optimized. In order to a
make uniform distribution of ferritin, spin-coating conditions are fixed at 360
rpm, 60 sec; 1000 rpm, 60 sec; 5000 rpm, 30 sec. Finally, the NPs on the

samples were observed using SEM.
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Figure 2.5 SEM images of NPs on SiO; surface with ammonium acetate concentration

inl,4,6and 10 mM.

2.3.3 Result and Discussion

Through analysis of the SDs of PEG2000-ferritin on SiO, using SEM
images (Figure 2.5), the four shortest distances were chosen from distances
which were calculated from one center point of NP to other points. Figure
2.6 shows histograms of obtained SD distribution with different
concentration of AA. There were two peaks. One peak around 10 nm which
comes from aggregation of ferritin molecules, in which all the ferritin
molecules contact each other and no spaces. The ferritin aggregation would
be caused by the damage of PEG modification on ferritin. The other peak is
a longer distance peak which comes from dispersed ferritins owing to the
PEG chains. The peak of maximum probability SD (d,) and FWHM of the
distribution was calculated from these histograms. As shown in Figure 2.7,
the concentrations of 1, 4, 6 and 10 mM correspond to around 100, 34.4, 26.6
and 26.4 nm, respectively. Through this, it can be clearly seen that the SD of
NP decreased and FWHM was narrowed by increasing AA concentration. As
observed, the SD (dn) value or FWHM both have stronger gradient in the
area of AA concentration below 4 mM. This result can be explained by using
the Debye length (A). The Debye length is explained approximately as Ao<I
12 where 1 is ion strength. Through figure 2.8, the SD (dm) and Debye length
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have a linear relationsip with AA concentration below 4 mM but deviates
beyond 6 mM. That means the interaction between ferritins for distribution
on substrate is determined by Debye length in AA concentration below 4
mM. In the area of AA concentration beyond 6 mM, Debye length
approached the PEG length. Therefore, the effect of PEG and Debye length
are both possible effects on adsorption of ferritin. As a result, the AA
concentration higher than 6 mM was found to be the optimized condition for

controlling the SD with PEG2000-ferritin molecules.
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Figure 2.8 Debye lengths in different concentration of ammonium acetate.

2.3.4 Conclusion

PEG2000-ferritn with Fe core was analyzed to control SD of NPs on the
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S10,/S1 substrate in detail. From the analysis of results, the SD and FWHM
decreased with increasing AA concentration. Although in the low AA
concentration area, according to the reason that Debye length is longer than
PEG length, the SD increased quickly. However, in high concentration area,
the PEG length is longer than the calculated Debye length. Therefore, SD

without apparent change is possible.

2.4 Separated Distances Control by PEG Length
2.4.1 PEG-ferritin on Si

Because the SD of NPs is distributed in a large range, changing AA
concentration to control SD is not enough. In order to control SD, a novel
method should be established based on the analyses. PEG-ferritin was used

to analyze the relationship between adsorption condition and length of PEG.

Experiment and Result

At first, Si substrates with 3 nm thick thermal oxide layer were cleaned by
acetone and methanol and then cleaned by pure water. After cleaning process,
the samples were treated by UV-Ozone for 10 min at 115°C. Then the
samples were put into pure water for storage before the next step of the
experiment. After performing a spin dry process, the PEG2000, 5000, 10000,
20000-ferritin (0.05 mg/ml) with Fe core at an AA concentration of 10 mM
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were dropped on the samples and held for 3 min. Then, the solution was
removed through spin-coating (500 rpm in 2s and 3000 rpm in 30s). Finally,
the NPs on the samples were observed using scanning electron microscope
(SEM) (Figure 2.9). In order to analyze the NPs SD distribution, the radial
distribution function (RDF) was used to evaluate SD. With this function,
every distance between two NPs was calculated and the number of NPs in
this area of distance was counted. Then, the distribution figure is shown in
Figure 2.10. As observed, the SDs’ peak shift to the right side along with

increasing length of PEG in principle.

i‘f Lo, B U

® PEG 20k

Figure 2.9 Scanning electron microscope (SEM) images of PEGylated with PEG2000,
5000, 10000, 20000-ferritin contented iron core separated distribution (AA concentration

is 10 mM).
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Figure 2.10 Radial distribution function by SEM analysis.

Simulation Result and Discussion

For supporting the hypothesis that the distribution of PEG-ferritin depends
on interaction of PEG layer when ion strength is higher than 4 mM, the
simulation for adsorption of ferritin and PEG-ferritin was done. The
simulation was set with the presupposition as follows (Figure 2.11):
1. All the same type ferritins are set as rigid ball with diameter of DLS data.
2. The simulation is started with the adsorption density designed and certain

distribution images (800 nmx600 nm).

3. The random irradiation incident angle and place for one time.

4. One rigid ball is irradiated for one time.
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5. Once the rigid ball contacted substrate, it is fixed.

6. If the rigid ball contact the other ball on the substrate, it reflects.

@® Rigid ball

bk

Figure 2.11 Schematic figure of simulation for PEG-ferritin adsorption.

Through this simulation, the ferritins’ absorption was simulated. The images
of the simulation results (Figure 2.12) were analyzed with the RDF method.
Then, the simulation results of PEG5000, 10000, 20000-ferritin fitting the
experimental results have been confirmed. Obviously, the simulation results
of ferritin and PEG2000-ferritin were slightly smaller than experimental
ones (Figure 2.13). From the calculation of Debye length, it was known that
the Debye length of ferritin is longer than PEG2000 length but shorter than
PEG5000 in 10 mM solution*. Therefore, the SD PEG2000-ferritin and
PEG5000, 10000, 20000- ferritin are determined by different mechanisms.
For PEG2000, distribution is determined by ion strength which decide Debye
length. For PEG5000, 10000, 20000- ferritin, distribution should be affected
by interaction of PEG layer, which can be explained by that PEG layer’s

interaction which has a longer work distance than Debye length.
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Figure 2.13 Simulation results and experiment results.

Discussion

From the results of PEG-ferritin evaluation, the PEG-ferritin is thought to
make an interaction with each other when adsorption occurs. Based on these
conditions, PEG2000, PEG5000, PEG10000 and PEG20000 were used to
PEGylation of ferritin. The result was obtained (Figure 2.9) and for analysis,
the RDF is introduced. Through the calculation of all the distances between
ferritin central points, the distribution of NPs was analyzed by RDF (Figure
2.10). The first peak on the left is the most probably the distance of NPs.
Furthermore, there is almost no value on the left side of the peak. Thus, if
this peak value is controllable, the NPs separation distance is most likely

under control.
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Figure 2.14 Full width at half maximum (FWHM) of distribution as functions of

concentration of ammonium acetate and PEG length.

It was considered that all the ferritins should not attach to the substrate at
the same time. Some NPs attach first and become fixed while the others
attach to the substrate later and finish the distribution though the interaction
with fixed NPs. To prove this idea, a comparison between experimental
result and simulations was done. According to the result of the FWHM
distribution, it was considered that the adsorption density increases along

with increasing ion strength. But, the ion strength decides the separation

distance roughly because of the wide

solution condition of 10 mM concentration, the Debye length is shorter than

3 nm. Compare it with the PEG effective length (Table 2.1), the Debye length

distribution of SD (Figure 2.14). At the
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is slightly shorter than the length of PEG2000 in solution. So maybe, the
electrostatic force in Debye length is the main interaction of PEG2000-
ferritin. Although this interaction works at a long distance, it is not strong
enough to control the separation distance precisely in a narrow SD region.
Thus, a more accurate method is necessary. If longer PEG is used in the same
solution concentration, the interaction of PEG layer should determine the
separation distance of ferritins. It is also considered as a good solution for

the problem of rough distribution.

2.4.2 PEG-ferritin on Different Materials (1a, Pt, Cr, Bi;Tes, TiN)

The density and SD of NPs changed along with a change of materials of the
substrate surface. With the consideration of Zeta potential (Table 2.1) or
hydrophilicity, the different surface materials lead to a Zeta potential change.
Particularly, the SD of NPs distribute in random and the density decreases
significantly (Figure 2.15, 2.16). When films of Ta, Ni and Bi,Te; were
deposited on the substrates, the adsorption almost did not happen and NPs
were rarely seen on the center of substrate. For improvement of absorption,
the experimental conditions were optimized. Some particular spin coater
rotation speeds were found to very efficiently improve the adsorption. In the
experiment, at first, the spin-coating condition was changed at different
speed conditions (360 rpm in 30 s, 1000 rpm in 60 s and 5000 rpm in 30 s)
after incubation. Then through comparison experiment, it was known that

the speed at 1000 rpm was important for adsorption. Through the
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optimization of spin coater condition, the NPs distribution was improved

significantly. The reason for this phenomenon is still being discussed.

Ta TiN BizTes
surface surface surface

Condition 1
500rpm, 2sec; %
3000rpm, 30sec

Condition 2
360rpm, 30sec;
1000rpm, 60sec;
5000rpm, 30sec

Figure 2.15 Images of PEG10000-ferritin distributed on Ta, TiN and Bi>Te; films at two

spin-coater’s conditions.

i Pt Mo

100 L L .'-1lj_Dhm G :_-,1::}_:} hr:n__

Figure 2.16 Images of PEG10000-ferritin distributed on Cr, Pt and Mo films at spin-

coater’s condition 2.
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2.5 Conclusion

Controllable array of iron nanoparticle was successfully fabricated on Si0,
and metal surface using PEG ferritins with different molecular weights. This
study was able to successfully find a better method for a controllably spaced
ferritin array with SD shorter than 100 nm. This study also discussed a
method utilizing electrostatic repulsion force and the mechanism of this
phenomenon. Because of PEGylation, electrostatic repulsion forces of
ferritin against the Si0, surface were also reduced. By selecting the modified
length of PEG, the NPs distribution can be controlled. With this procedure,
much narrower separation distribution can be achieved. The NPs distribution
of PEGylated ferritins can be controlled by adjusting the molecular weight
of PEG with a proper ionic strength of the solution in order to avoid
aggregation. Furthermore, through the simulation, the mechanism of PEG-
ferritin distribution was proposed. In addition, the exact control of NPs
distribution is believed to be very useful for not only thermoelectric nano-

composite materials but also devices fabrication with other properties.
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® Chapter 3

3 Sample’s Preparation for 3® Method and Evaluation
3.1 Measurement for Thermal Conductivity of Thin Film

Thermal conductivity measurement is a basic evaluation for materials.
However, the thermal conductivity of some low dimensional nanostructures
like thin film, nanowire, nanoparticle or nano-composited structure are
difficult to evaluate as these have different properties from bulk materials. In
all these issues, the thermal conductivity evaluation for thin film is widely
useful for many fields such as microelectronics, photonics, thermoelectrics
and so on. This is because the thermal loss exists while thermal flow occurs
through the materials and this loss is very difficult to quantify. Also, this
scale is also too tiny to accurately measure the temperature difference, and
other properties. Therefore, direct measurement of thermal conductivity
faces some problems in the accurate characterization of thin films.
Nevertheless, there are some major methods to measure the thermal
conductivity of thermoelectric materials.

The steady-state (absolute or comparative) method uses steady-state
techniques to measure in a direct way. It means that the measurement is taken
while the temperature of the material does not change with time. Constant
signals make the signal analysis straightforward. In geology and geophysics,
steady-state method is the most common method for consolidated rock
samples which is the divided bar. There are various modifications to these
devices depending on the temperature and pressure as well as sample size. A

sample of unknown conductivity is placed between two brass plate, one is
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hot brass plate at the top, the other is a cold brass plate at the bottom. Heat
flux transfers downwards to the heat sink side. Measurements are taken after
the sample has reached steady state which usually takes a period of time.
On the other hand, without steady-state, transient methods can measure in
some limited conditions which are mentioned above. For instance, laser flash
method, Time-Domain Thermoreflectance (TDTR) method, 3® method,
among others. These methods have their own advantages as well as inherent
limitations. For example, the laser flash method is used to measure thermal
diffusivity of specimen in the thickness direction. This method is based upon
the measurement of the temperature rise at the rear face of the specimen
produced by a short energy pulse on the front face. With a reference sample

specific heat can be found and with known density, the thermal conductivity
results can be calculated as follows: k(T)=a(T) -Cp(T) p(T) where k is the

thermal conductivity of the sample, a is the thermal diffusivity of the sample,
Cp is the specific heat of the sample, p is the density of the sample. It is
available for various materials over a wide temperature range (—120 °C to
2800 °C). But as an indirect method, in the laser flash method, one should
measure not only thermal diffusivity but also specific heat and density in
order to calculate thermal conductivity. This will bring more error into the
results. Furthermore, the thickness of the samples is a critical condition for
this method. If the thickness is reduced to 100 nm level, the measurement
will become almost impossible.

Otherwise, TDTR method can be applied most notably to thin film

materials, which have properties that vary greatly when compared to the
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same materials in bulk. The idea behind this technique is that once a material
is heated up, the change in the reflectance of the surface can be utilized to
derive the thermal properties. The change in reflectivity is measured with
respect to time and the data received can be matched to a model which
contain coefficients that correspond to thermal properties. However, this
method is not suitable to measure anisotropic thin film, especially, in the in-
plane direction measurement. In all these methods, 3@ method is the most
accurate measurement for isotropic and anisotropic thin film and a system
for 3o method can be set up simply. Thus, this study focused on the 3w

method.

3.2 Theoretical model for 3o Method

A widely implemented approach for measuring the cross-plane thermal
conductivity in thin film is the 3 method'. Although this method is intended
to measure bulk materials due to excellent thermal characterization of thin
films down to 20 nm thickness'”. This method is well known as a thin film
measurement of the cross-plane and in-plane thermal conductivity. The
special feature of 3w method is that the heater and sensor of the measurement
system belong to the same part. And this part is realized by depositing the
metal pattern (Figure 3.1) on the film sample. After that, a voltage signal is
applied to this metal electrode pattern at a specific o frequency at which the
metal electrode is heated up. The relation between the metal electrode’s

temperature and the voltage frequency can be evaluated by this measurement.
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Depending on this relation, the thermal conductivity can be derived. As a
mechanism of 3w method, at first, the thermal power’s signal at 2
frequency should be known by calculation via Ampere’s law. Because of the
dependence of temperature and electric resistance, the resistance increase
should contain the 2wfrequency part. After the changed electric resistance
was multiplied by electric current at a frequency of ®, the voltage signal at
3o frequency can be found. Depending on this signal, we can know the
temperature of the electrode. The connections between temperature and
thermal conductivity are evaluated by solving the simultaneous equations of
thermal diffusion equation and electric power equation at frequency 3.
Then, the relation between the temperature changes and change of frequency
of electric signal can be derived as follow:

o sin?(kb) Pdf

AT(w) = —
f \/(kb)Z(k2+ 2“”)

- (3-D).

Where P is electric current power, k; 1s thermal conductivity of substrate, xr
is thermal conductivity of thin film, Dy, is thermal diffusivity of substrate,
dr 1s the thickness of thin film, 25 is width of metal line. This formula has
two basic requirements, one is that the width of metal line must much smaller

than the penetrated depth of thermal flow. That can be expressed as

b« [P (3.0).

Another one is kf < kg (3-3).

Normally, the formula is approximated into

pdf

dT = ———d(Inw) + - - (3-4).
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If the two measurements are taken on the substrate and substrate with thin
film, and the two results of measurements are calculated by formula (3-4),
through the difference of two solutions, the thermal conductivity of thin film

can be solved.

Figure 3.1 Schematic figure of measurement pattern of 3w method.

3.3 Preparation of Sample

There are several steps for preparation of 3m samples. Perhaps the different
steps exist depending on different fabrication processes. The first common
process is cleaning process for substrate. Because electrical conduction
across interface between substrate and electrode are forbidden, so there is no
need to remove insulator film of substrate and the substrates were cleaned
with acetone, methanol and pure water and dried by N», finally, 5 minutes
UV Ozone treatment. This simple cleaning process aim at removing organic
impurities on substrate. After substrate cleaning, the pattern of electrode
should be evaporated on substrate. There are two choices for this step, one is

using the photolithography process including positive and negative methods;
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the other one is evaporating the electrode pattern directly through metal mask.
The different methods have different advantages and disadvantages. In this
study, I try to use photolithography method as more smart method for
changing conditions to confirm all necessary measurement conditions, at
first. And then the metal mask was used to save process time and keep
stability of process. In this study, positive photolithography method was
employed to coat the photoresist on the substrates, then making the pattern
by exposure of UV light on glass mask (Figure 3.2 a) and developing by
photographic developer, the 3w method pattern (Figure 3.2 b) where the
photoresist was etched can be seen on the substrate. Next the metal such like
aluminum was deposited by electron beam (EB) deposition equipment.
Finally, by the acetone cleaning the photoresist was lifted off and the metal
pattern was finished. For metal mask method, after cleaning processes, the
electrode was evaporated on substrate directly.

In preparation for metal electrode pattern of 3m method measurement, there
are several conditions such as thickness of electrode or electrode material
should be considered. Metal materials like Pt, Al and Au have been tried, for
consideration of measurement and cost, finally, Al was chosen as material of
3w electrode. In order to test the resistance of electrode, the thickness of Al
electrode was varified from 100 nm to 400 nm. We found that 400 nm
thickness led more excellent electric signals.

For reason of avoiding leak current, we always deposit SiO; thin film as an
insulator film before electrode deposition in preparation processes of

measurement. And this process also can make sample surface less rough, so
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that more uniform electrode is expected, furthermore, less error in this 3®

measurement.
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Figure 3.2 Photograph of photolithography mask and schematic figure of electrode pattern of 3®

method.

3.4 Implementation of 3w Method

The implementation of 3w method is shown in Figure 3.3. If the metal
pattern 3m method measurement is set on probes, electric signal at frequency
o can be output by function generator. With the analysis written on chapter
3.2, increase of 3 pattern’s temperature 47(w) should appear. Through the

measurement of this electric signal, the relation between the electric signal
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and temperature changes can be derived (shown in formula 3-1). In this
relation, we can approximate that electric signal frequency and temperature
changes have a linear relationship at the certain frequency region which
depends on substrate materials. Therefore, the electric signals with different
frequency must be distinguished. But there is a problem that the electric from
lo to 3w signals are mixed. In order to solve this issue, the Fourier transform
was employed to split measured voltage signal into 1o and 3 signals. All
these operations are performed by the data logger and controlled by the
LabVIEW programs we made (Figure 3.4). Another use of this formula is
that the temperature changes can also be derived from the 3w signal. The
thermal conductivity of the substrate is derived from the slope in the linear
relationship. Furthermore, based on the substrate’s data with identical
conditions, the thermal conductivity is derived while the thin film samples’
data are also measured. According to formula 3-4, the thermal conductivity
can be simply calculated out by eliminating the substrate component.

The measurement system consists of probes, function generator, computer,

software and the LabVIEW hardware.
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Figure 3.3 Block diagram of 3o method .
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Figure 3.4 Basic equipment consists in our 3 measurement system.

3.5 Results and Discussion

The 3w measurement system includes sample preparation and measurement
equipment. For the sample preparation, the choice of substrate and thickness
of insulator film must be considered at first. On the other side, the set value
for voltage and frequency, noise from function generator and contact
resistance values with different probes also must be adjusted to carry out the
measurement.

As choice of substrate, the basic rule is that the substrate should have higher
thermal conductivity than the target film. SiO, was chosen as the target film
material because SiO, is a standard insulator material and the properties is
very well- known which makes checking the results convenient. With the

measurement system introduced before, measurements were taken on the
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alumina and Yttria-stablized-zirconia (YSZ) substrates with 1000 nm SiO;
thin film deposited by plasma-enhanced chemical vapor deposition
(PECVD). From the results (Figure 3.5), it was noted that 3w method
evaluation still exist some issues such as the thermal conductivity values for
Si0, deviated from normal region and same target film but different value
meanwhile the error bar is wide. In order to solve the issues, Test experiments
were done with various substrate materials and thickness of insulator film,
respectively. SiO; thin film with different thickness such as 500 nm and 1000
nm were deposited on various substrates by PECVD at same conditions.
Finally, it was found that there is no significant dependence between

thickness of insulator film and thermal conductivity value.
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Figure 3.5 Thermal conductivity results of SiO; thin film by 3w method on alumina and YSZ

substrates.

In the measurement results (Figure 3.5), even though the same voltage
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signal was used, the substrate with higher thermal conductivity like alumina
can get much weaker feedback which appears as small AT values. On the
other hand, strong feedback will happen by using lower thermal conductivity
substrates like YSZ substrate. From the derivation of 3w method formula,
the approximation conditions should be discussed. Aside from the relation
of substrate and target thin film, in order to keep linear approximation correct,
the frequency of electrical signal during measurement must be set in a certain

1,12 and

region depending on the substrate materials, electrode pattern size
other factors. This region has been calculated for various substrate materials
which were chosen from a wide range of thermal conductivity values (Figure
3.6). From these results, high thermal conductivity substrate materials have
wider linear region. Therefore, the wider frequency region can be used as the
3o measurement. However, because of weak feedback, the electrical signal
cannot be detected due to the voltage signal overlapping with the noise signal
from function generator. Therefore, after the analysis of the results of the test

experiment, aluminum oxide was chosen as the substrate material. This

choice depends on our equipment and fabrication process limits.

56



20 20
150 Glass 15 YSZ
i\.\ q\.
k5 10} k5 10} \'--%
1'\"? 'q\.
5‘ ‘?“. 5' .‘.'e
0 . . 4 ....... : 0 . . L N e,
1 10 100 1000 10* 10 1 10 100 1000 10* 10°
f[Hz] f[Hz]
2.0 0.5 e
1_55... A|203 0.4¢ S|
A 0.3k,
5 1.00 \\ 5 S
0.2+ T,
0.5 \“ T
Q'e,?? 01 r .."...
0L gl
1 10 100 1000 10 10° 1 10 1001000 104 10° 10°

f[Hz]

f[Hz]

Figure 3.6 Measurement of electric signal frequency’s dependency on substrate materials,

electrode size, etc.

Besides the frequency, the output electric signal voltage also should be
considered. The highest value of voltage in our function generator is 10 V,
thus voltage from 4 V to 10 V in step of 2 V has been tested. The results of
temperature changes showed that higher voltage output induces a greater
Considering the noise from equipment itself,

temperature change.

measurement cannot be taken accurately without enough feedback from the
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temperature change. According to results (Figure 3.7), it is known that the
feedback is not stable when voltage is under 8 V. Consequently, high voltage

must be used.
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Figure 3.7 Temperature change’s dependency of output electric signal voltage.

Aside from the frequency and voltage of the electrical signal, the contact
resistance and temperature coefficient of resistance are also important
parameters for 3w measurement. The equipment we set up uses type K
thermocouple (Nickel-Chromium / Nickel-Alumel) at a temperature region
ranging from -270 to 1260°C with accuracy of +2.2°C to measure the

temperature of the electrode. The control program for temperature
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coefficient of resistance measurement is made by LabVIEW (Figure 3.8 (a)).
The electrode is warmed up by the current via small temperature changes,
then cooled down naturally. The electrode resistance is measured during the
temperature change. It should be a linear relationship and the slope value is
the temperature coefficient of resistance. Here attention should be given to
the measurement conditions of temperature coefficient of resistance and 3®
measurement. And a gold probe is used in order to decrease contact
resistance (Figure 3.8 (b)). The probe material properties and size can both

reduce the contact resistance.
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Figure 3.8 30 measurement’s program interface and probes of system.

The reason for the reduction of contact resistance and temperature
coefficient of resistance is explained by approximate calculation according

to the formula:

RoRgV— JROZV(Ra2V+12><(3R0+Ra)2V3w)
dT =

3-5
3Ry’ Va (3-3),

where Ry is the measured electrode resistance, R, is total resistance without
3w electrode pattern, V' is output voltage, V3, is 3m voltage signal value, «a
is temperature coefficient of resistance. According to equation 3-5, we can
find dT to have an inverse proportionality with a. Therefore, if there is a
slight shift in the temperature coefficient of resistance, the results have a
huge change. On the other hand, for contact resistance, as one part of R,, it
has direct influence on the results. Furthermore, results are more sensitive to

contact resistance because the relation between contact resistance and o
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depends on the measurement system. Through the analysis of experiment
results, contact resistance has a threshold value region (621 Q). If contact

resistance is higher than this value, the results of 30 measurement won’t

converge at a proper region (Figure 3.9).
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Figure 3.9 Thermal conductivity measurements’ dependency of contact resistance.

3.6 Conclusion
In this chapter, 3@ method as a measurement method of thermal
conductivity was introduced. The detail of fabrication process, measurement

system and parameter setting were also discussed. Through the experiment
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results and the theoretical analysis, the stability of 3w measurement is
sensitive to key sizes of electrode pattern and setting parameter.

For the fabrication process, photolithography was used at first. It is really
essential to understand the effect of the electrode pattern size. Then, the
metal mask was introduced into this study. From optimization of electrode
materials, thickness of insulator film, setting parameters of output electrical
signal, and others, the ideal conditions were found.

Through the equipment set up, the detail of 3w measurement can be
discussed such as choice of substrate, output voltage signal’s amplitude and
frequency, contact resistance measurement. Furthermore, even the
equipment details such as choosing the correct probe or the noise from
function generator were considered and optimized. Finally, the 3w
measurement system we set up was tested, and it was proven that the system
was reliable and appropriate. After this chapter, this method is used as an
experimental method to measure thermal conductivity of nanocomposited

structure samples.
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® Chapter 4

4 Effects of NPs in Bismuth Telluride Thin Film
4.1 Introduction

In 1954, Goldsmid demonstrated the excellent thermoelectric properties of
bismuth telluride, which were attributed mainly to the large mean molecular
mass, low melting temperature and partial degeneracy of the conduction and
valence bands of V-VI chalcogenide!. Therefore, bismuth telluride has been
widely studied as an excellent thermoelectric (TE) material, and it has a
perfect performance in the temperature range around 300 K, especially. The
non-cubic structure of bismuth telluride contributes to the anisotropy in
thermoelectric properties, physical characteristics, as well as the diffusion
coefficients of impurities or dopants. It has a tetradymite structure with space
group R3m and the lattice is stacked in a repeated sequence of five atom
layers: Te!'-Bi-Te?-Bi-Te'! along the c-axis (Figure 4.1). The superscripts 1
and 2 show differently bonded tellurium atoms. Te and Bi layers are held
together by strong ionic-covalent bonds (Te!-Bi and Bi-Te?). The Te! bonds

between cells are of the van der Walls type and are extremely weak.
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Figure 4.1 Atomic layers in the BixTes crystal structure. Dashed lines indicate van der

Walls gaps. The octahedral coordination is highlighted for a Te ® atom.

There has been a wide variety of power generation device created as a
thermoelectric device at the macro scale. Nevertheless, utilizing
thermoelectric thin films which can be deposited directly onto the surface of
the substrate are more suitable for micro-scale systems. Because the films
are not formed under equilibrium conditions and are usually amorphous or
polycrystalline, their properties can vary significantly from their single
crystal bulk counterparts. (Bi,Sb)Te-based alloys are the best-performing

materials near room temperature in bulk form. Therefore, their thin films
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have received significant attention as the TE material of choice for
microsystems. Because of their compatibility with integrated circuits
technology, polycrystalline SiGe alloys and polycrystalline Si are also
commonly used in thermoelectric applications. Their use in TE micro coolers
and generators have also been investigated. However, their thermoelectric
performance is very low compared to that of BiTe compounds® .

Although ternary alloys have shown increased TE figures of merit over
binary films, in order to obtain ZT > 1, superlattices and nanostructured
materials have been explored recently. In either case, quantum confinement
in one, two, or three dimensions reduces phonon conduction. Therefore,
thermal conductivity in that direction is lowered while maintaining electrical
conduction, which leads to increasing ZT* >,

Novel experimental results have been reported in recent years to
demonstrate increased ZT using nanostructured materials such as thin-film
superlattices® 7 and thick films of quantum-dot superlattices®. Superlattices
use alternating layers of different materials with thickness of 1-40 nm in
order to create an artificial lattice constant that can influence the dispersion
of both electrons and phonons. The lattice mismatch, electronic potential
differences at the interfaces, resulting phonon and electron interface
scattering, and band structure modifications can be exploited to reduce
phonon heat conduction while maintaining or enhancing the electron
transport’. The most successful results of superlattice research have used
MOCVD to produce p-type BirTes/Sb,Tes material with a ZT of 2.4, and n-

type BixTes/BiyTes 7Seo s material with a ZT of 1.410-12,
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As nanostructure has been introduced into TE field and led high
performance of TE devices. Therefore, it should be expected that BirTes film
concluding nanoparticles (NPs) is a high potential TE composited material.
To improve the efficiencies of TE materials, TE materials with nanostructure
have shown that these materials’ thermal conductivities can be reduced
through scattering phonon'?, optimization of their electrical properties due
to filtering effect'* !> or doping. In addition, fabricating NPs with uniform
size and controlled distance between NPs is still difficult.

To overcome these problems, we have utilized BNP'® in this study. BNP
uses ferritin, which is one of the proteins that can fabricate NPs with uniform
size and distribute them accordingly. PEG-ferritin can control distribution of
NPs!”. As written in chapter 2, we have found the way we can harness the
BNP method to control the NPs’ separated distances in a certain region,
which is shorter than the phonon’s Mean Free Path (MFP) and longer than
the electron’s MFP. In the materials with controlled NPs’ distances in BiyTes
thin films, thermal conductivities were decreased and Seebeck coefficients
and electrical conductivities were not changed. Consequently, ZT can be
increased'®. In our research, we optimized the protein concentration, ion
strength, rotation speed of spin-coater and chemically modified ferritin, etc.
We achieved to control the distance of NPs around 40 nm. Compared to the

MFP, that distance is suitable to reduce the thermal conductivity in Bi,Tes.
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4.2 One-layer nanocomposited structure

Big4Tes o Sbieis used as the BiTe thin film, in this study, due to its higher
performances compared with highly doped BiTe film'!®. As the first step, thin
film were deposited with one layer of NPs. Then, the electrical properties
and thermal conductivity of thin film were evaluated to discuss the effect of

NPs.

4.2.1Preparation of Sample

Since BiTe 1s a common TE material, there are a lot of methods to fabricate
the BiTe thin film. . Besides the bulk materials’ fabrication methods, the
fabrication process can be divided into two directions: one is through
vacuum process such as sputtering, molecular beam epitaxy (MBE), metal
organic chemical vapor deposition (MOCVD), electrochemical deposition
(ECD), flash evaporation, thermal evaporation®’, pulsed laser deposition
(PLD) etc. and the other one is solution processes such as printing method?!,
etc. In this study, we use PLD to deposit the Big4Tes o Sbi e thin film.

PLD is a physical vapor deposition (PVD) technique using a high-power
pulsed laser beam which is focused inside a vacuum chamber to strike a
deposition target of the material (Figure 4.2). This material is vaporized from
the target (in a plasma plume) and deposited on a substrate (such as a
sapphire substrate facing the target) as a thin film. This process can occur in
high vacuum or in the presence of a background gas, such as argon which is
commonly used while depositing films to avoid oxidation. For the PLD

conditions, we used a laser with power of 0.1 W/cm? at a frequency of 5 Hz
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in ambient Ar gas with pressure of 17.7 mPa and flow rate of 1 sccm. The

substrate heater was set at 250°C.
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i

)

Lens A’

I Target £
Nd: YAG Laser -0— > i;
Window -
Power: 0.1 W/cm?2 @ l';:ﬁma b4y
Pulse duration: 7 ns n

Repetition rate: 5 Hz Substrate

i ==
~u [ ey : gas

=

c.r. I><I—]repP

Figure 4.2 Schematic figure of PLD equipment.

(http://www.chm.bris.ac.uk/laser/ashfold/ablation.htm)

In this experiment, we made two plans in order to investigate position
dependence of NPs’ layer. Plan A is to deposit 100 nm Bip4Tes o Sby e thin
film first, then distribute the NPs, and finally deposit Big4Tes o Sbj ¢ thin film
again. Plan B is to deposit 50 nm SiO, which is convenient for NPs’
distribution at first, then deposit Bigp4Tes o Sbie thin film after the NPs are
distributed (Figure 4.3). The Bip4Tes o Sbi ¢ thin film was deposited by PLD
at conditions given above. SiO; film was deposited by TEOS-PECVD at

conditions of O, flow rate of 300 sccm, TEOS (Tetraethyl orthosilicate) flow
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rate of 3 sccm, pressure of 80 Pa, temperature at 300°C and RF power at 150

W.

e o o 0 o 0 o BiTe: 200 nm
BiTe: 200 nm Si0,: 50 nm
Substrate: Al,0; 0.5 mm Substrate: Al,0; 0.5 mm

PlanA PlanB

Figure 4.3 Schematic figure of plan A and B.

In plan A and B, to compare the mean free path length of phonons, PEG2k,
10k-ferritin was chosen for BNP in order to find different effects of different
SD of NPs in polycrystalline BipsTesSbie thin film. According to the
introduced evaluation system in chapter 2, SEM images for NPs distribution
on surface of Bigp4Teso Sbig thin film (Figure 4.4) and RDF results for
PEG10k sample (Figure 4.5) show that PEG2k could not make uniform SD
but PEG10k was able to make SD at about 46 nm. From calculation, the
density of NPs of 4.1x10'* dot/cm? and 1.9x10!"" dot/cm? are attained for
PEG10k and PEG2k, respectively. Furthermore, the SD of PEG2k has an

average value smaller than 30 nm.
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Figure 4.4 SEM images of PEG2k, 10k-ferritin on Bip4Tes.0 Sbis film.

SD1 =46 nm

SD2 =83 nm

20 40 60 80 100120140
Distance (nm)

Figure 4.5 RDF results of PEG10k-ferritin on Big4Tes.o Sbi film.

After distribution of PEG-ferritin, UV/Ozone treatment at conditions of 40
min and 115°C was done to remove protein shell and PEG on it. In order to
confirm the elimination of organic materials and the existence of NPs, XPS

(X-ray Photoelectron Spectroscopy) was used to check for residual organic
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materials. From the results (Figure 4.6), the carbon 1s peak and nitrogen 1s
peak from PEG-ferritin distribution disappeared, indicating that protein and
modified PEG was removed completely. But there was still a small carbon
Is peak left which is considered as impurities on substrate due to long time
storage. Therefore, more measurement should be taken to investigate the
organic residues after UV/Ozone treatment. AFM (Atomic Force
Microscope) and FT-IR (Fourier Transform Infrared Spectroscopy)
measurements were carried out to confirm organic residues on substrate after

UV/Ozone treatment.

C1s N 1s
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150}
120F
» 100 » 100
Q , Q
o From protein From ©
¥ impurities 80}
50h on surface
7 WMWWN
40 - s

goo 295 290 285 280 410 405 400 395 390
Binding Energy eV Binding Energy (eV

Figure 4.6 XPS results of carbon 1s and nitrogen 1s for samples with protein before and

after UV/Ozone treatment comparing to reported data®”.
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Figure 4.7 AFM results for PEG-ferritin on substrate before and after UV/Ozone

treatment.

For AFM measurements, the probe detected a square region, the PEG-
ferritin can be observed due to an increased height over the average height
of the substrate. From the results (Figure 4.7), the reduction of height, which
is more than 2 nm, can be observed after UV/Ozone treatment, indicating
that the protein shell should already be removed and also observed by
comparing this to the diameter data in chapter 2. This is a direct way to detect
the height change after UV/Ozone treatment, and to prove the elimination of

organic materials.

4.2.2 Result and Discussion

In contrast to plan A, plan B samples’ NPs did not have a significant change
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compared to samples without NPs, which is explained by the position of NPs
in samples at the bottom of thin film. Because of surface position, NPs do
not have enough contact surface with the film. Consequently, no significant
effects of NPs can be observed. Therefore, we only show and discuss the
results in plan A.

For evaluation of the sample with electrical properties of Seebeck
coefficient, electrical resistivity and thermal conductivity, the direct
measurement of voltage with a temperature gradient for Seebeck coefficient,
Hall effect measurement for -electrical and TDTR (Time-Domain
Thermoreflectance) method for thermal conductivity were measured. TDTR
is a method according to the mechanism that the reflectance of the film
changes while temperature is changing. This is detected by the probe laser
while the film is being heated up by pump laser irradiation. If the temperature

is known, the thermal diffusivity can be derived from the equation below.
- t
T(O) = 2[1+ 255, (~D"exp(—(nm)2 )] (4-1)
Where T is the temperature of specimen, Q is the total energy absorbed by

the specimen, C is the heat capacity of the specimen, and t is the

characteristic time of heat diffusion across the specimen.
dZ
o= T (4—2)
In equation 4-2, « 1is thermal diffusivity of specimen, d is thickness of

specimen.
Then, thermal conductivity can be derived from thermal diffusivity through

the equation k¥ = C- o (4-3). According to the thermal conductivity results
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measured by TDTR method (Table 4.1), only one layer of NPs cannot affect
the scattering phonon. Furthermore, thermal conductivity increased due to

higher thermal conductivity of NPs than Big ¢Te3Sby ¢film.

Table 4.1 Thermal conductivity results from TDTR method by picosecond laser.

Thermal conductivity
Samples
(W/mK)
Film concluding
0.64
high density NPs
Film only 0.4

Hall effect is a well known method for measuring electrical properties, such
as density and carrier mobility. Then, the electrical resistivity can be derived
from equation ¢ = nue (4-4) and p = 1/0 (4-5), where o is electrical
conductivity, n is carrier density, u is carrier mobility, e is carrier charge,

and p is electrical resistivity.
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Figure 4.8 Seebeck coefficient results for samples with one layer at high and low

density of NPs, and without NPs.
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Figure 4.9 Electrical resistivity results for samples with one layer at high and low

density of NPs, and without NPs.

As the Seebeck coefficient results (Figure 4.8) and electrical resistivity
results (Figure 4.9) show, the Seebeck coefficient increased along with
increasing density of NPs. Also, electrical resistivity decreased along with
increasing density of NPs, which means that the NPs used here can cause the
Seebeck coefficient to increase and electrical resistivity to decrease. In order
to explain this phenomenon, two models were found.

One is the filtering effect'® !°, the carriers in thermoelectric materials with
low energy can be located by energy potential barrier which is caused by
interface of NPs and film material, leading to the increase of Seebeck
coefficient. This effect leads Seebeck coefficient increase with electrical
resistivity also increase little. Because of the relation between ZT and
Seebeck coefficient, which is expressed in ZT=0S5T/x, change of ZT is more
sensitive to Seebeck coefficient changing due to second power. About the
explanation of filtering effect, the Seebeck coefficient should be analyzed at

first. The seebeck coefficient can be written as

_ 1 Jy BB E-EN)gE)IsfodE
el [°ET(E)g(E)dgfrdE

(4-6)
which is derived by Boltzmann transport equation (BTE). Where g(E) is the
density of electronic states, fo(E) is the Fermi-Dirac function, e is the carrier

charge, 1(E) is the energy-dependent carrier relaxation time, Er is the Fermi

energy, T is the absolute temperature, and here we defined d; = d/0E. As
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electrical conductivity here can be written as

0(E) = — 25 Eu(E)g(E)dsfy (4-7).

where m* is the effective mass of the carrier. Seebeck coefficient can be

derived as
3m*
S=- oy <E—-Ef>; (4-8),

where the average < - ->; is computed using o(E) as a statistical weight?>2*,

Since Opf, 1s significantly different from zero only in a narrow window

around Ey, expanding formula 4-7 around Er the equation is transformed as

“k
T o5+ 08) = Brg(6)e(Ey) + 08 (+(5)a (57) +

E (d(r(E)g(E)))

) +0((6E)?) (4-9),

where kg is Boltzmann constant, m* is the effective mass of carriers. This
formula indicates that the asymmetry of the statistical weight o(E) around Ef
is ruled by the functional shape of g(E)z(E) close to the Fermi energy, which
also provides a simple explanation of the low Seebeck coefficient of metals.
In spite of metals’ large conductivity, both g(E) and t(E) are almost flat
around Ej; so contributions from electrons within some k7" from Er are
almost considered as zero. However, in semiconductors, g(E) is always
asymmetric around the Fermi energy, leading to larger Seebeck coefficient
values. With this consideration, any modification of 7(E) may be expected

that further stretch the asymmetry of t(E)g(E) should lead to improvements

of the Seebeck coefficient. Energy filtering is one possible strategy for this
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aim.

In this experiment, as shown in the band diagram (Figure 4.10) the holes as
carriers in BiTeSb go through the interface between film and NPs which
consist of iron or ferric oxide. There is also a potential barrier of about 0.6
eV. This potential barrier can cause lower energy holes located by the NPs.
Then, Seebeck coefficient improvement can be observed due to filtering

effect.

BiTeSb Fe,0, BiTeSb
Conduction Band
Fe 3d 4 0.15eV

2.2 -2.9eV I~0_5 eV

02p 4

Valence Band

Figure 4.10 Band diagram of Fe/BiTeSb and Fe>Os/BiTeSb.

If energy is cut off completely by potential barrier, then Seebeck coefficient
can be expressed as the formula below while dominant scattering is assumed

as ionized impurity.

1

5==(

eT

4kgTE3+12(kgT)?E ?+24(kgT)3E +24(kgT)*+E*
3kgTE > +6(kgT)2E.+6(kgT)3+E.>

— Ef) (4-10),

where E. is the value of cut off energy®. According to this formula, Seebeck

coefficient value about 200 uV/K can be calculated out approximately.
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Another explanation is the de-doping model which have two kinds of
model as nondegenerate and degenerate semiconductor model?®. In iron or
ferric oxide it is assumed that carriers are electrons which de-dope the hole
in film. For the de-doping process in nondegenerate semiconductor, the

Seebek coefficient can be written as

5=ﬁ%5+y—m%)@4u

e \2

where y is the scattering factor. In degenerate semiconductor, Seebeck

coefficient can be written as

s="2(

e

2+y) =25 (4-12),

2 o2/3

where A is a constant by materials. Because Big4Te;Sb;s is a degenerate
semiconductor due to higher energy value for conduction band than Fermi
energy value. Therefore, the Seebeck coefficient can be calculated by
formula 4-12, in which the scattering factor was determined to have a value
of -0.5%%: 27, The results of this calculation (Figure 4.11) showed that the
experimental results of Seebeck coefficient and electrical conductivity fit the
theoretical calculation results. Consequently, the de-doping model can also
explain the effects of NPs in the Big ¢Te3Sb ¢ thin film. For a good agreement
between experimental and theoretical data, Seebeck coefficient increased

due to the de-doping effect.
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Figure 4.11 A comparison between theoretical calculation results and experimental

T TTTIT] T TTIT] T TTTIT T TTTTI T TTTTI T
-th-r}-d-"‘-._ \\
e -
3 S€nergpg~-- -
107 Y el 3
. Yo R
L “ © -
I % |
-
B \\ (?"\ -
A
I Ve
'High dens!ty NP \g‘% 1
Low density NP —%
ﬂ
w/o NP |
10'4 crvronl vl vl v il ||||?\|l| 1
10? 10" 1 10 100 10°

Electrical conductivity (S/cm)

results by Seebeck coefficient and electrical conductivity.

4.3 Multi-layers nanocomposited structure

After discussion of one layer structure, its improvement as thermoelectric
materials has already been shown. For amplification of the NPs effect in thin
film, we not only fabricated one layer of NPs but also a nanocomposited
structure with multi-layers. Furthermore, in order to discuss the 3
dimensional nanostructure of thin film encapsulated NPs, the preparation of

specimen to evaluation are discussed. Cycle processes were also taken which
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is identical with plan A.

4.3.1Preparation of Sample

The conditions of fthe abrication process are almost same with one layer
sample. For instance, Big¢Te3;Sbi 6 thin film was deposited by PLD with the
same conditions. However, different NPs layer numbers lead to different
thickness of Big ¢Te3Sb ¢ after one-time deposition, due to the total thickness
of BipsTesSbi¢ thin film being about 200 nm. In this study, to test
BipsTesSbi ¢ thin film only samples, sample with 4 and 9 NPs layers were
also fabricated with film thickness of 40 nm and 20 nm, respectively, after
one-time deposition. But the processes are same as one layer structure,
besides the number of times for depositing the film and distribution of PEG-

ferritin. The structure of multi-layered NPs is shown in Fig. 4.12.

4 NP Layers 9 NP Layers

F 3 200 F 3
nm

l¢
-

Figure 4.12 Schematic figure of multi-layers NPs composited structure with 4 and 9

layers.

After the fabrication process, in order to confirm the fabricated three

dimensional nanostructure, the sample with 9 layers was observed by STEM
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(Scanning Transmission Electron Microscopy) and TEM (Transmission
Electron Microscope). Images of STEM is sensitive to show elements
differences, and images of TEM is more sensitive to indicate the crystal
structure. Therefore, the results of STEM (Figure 4.13) and TEM (Figure
4.14) images displayed the NPs with a layer by layer structure and
polycrystalline NPs within amorphous film. For one layer structure, the
Big6Te3Sby ¢ thin film was polycrystalline film, but in 9 layer structure which
one layer NPs embedded in 20 nm film, NPs were considered as great
hindrance to the growth of crystal, due to the too many NPs being embedded
in film. However, the 9 layer NPs composited structure has been fabricated
successfully, according to STEM image which display the layers and NPs

within clearly.

50 1

Figure 4.13 STEM image of multi-layers NPs composited structure with 9 layers.
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5 nm

Figure 4.14 TEM image of multi-layers NPs composited structure with 9 layers.

Furthermore, the EDX (Energy dispersive X-ray spectrometry) in TEM was
utilized to analyze the composition of the layer and confirm that the layer is
exactly a BigsTesSb ¢ thin film. As the results (Figure 4.15) showed, Bi, Te
and Sb uniformly exist in every layer and NPs in layer are also observed.
However, the oxygen uniformly appeared in every layer which means the
film is oxidized during the fabrication process. In all fabrication processes,
the most possible oxidation process is considered due to long time UV

irradiation for eliminating the protein shell.
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Figure 4.15 EDX images of multi-layers NPs composited structure with 9 layers.

Figure 4.16 Photo of color change before and after UV irradiation.

In order to confirm the oxidation process occurs during UV irradiation, the
metal mask was used to cut off the UV light during irradiation. As shown in
the photo (Figure 4.16), UV irradiated part had a significant color change
from covered part since UV irradiation time of 30 min. This time is shorter

than PEG-ferritin elimination process, thereof the film was oxidized in PEG-
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ferritin elimination process. Furthermore, the oxidation was confirmed by
XPS results (Figure 4.17) between before and after 40 min UV irradiation.

As the results showed, the Bi, Te and Sb were oxidized after irradiation,

respectively. But from Bi to Sb the oxidation became light.
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Figure 4.17 XPS results of change before and after UV irradiation for Bi 4f, Te 3d and

Sb 3d electrons.

4.3.2 Result and Discussion
Another evaluation for thermoelectric research is the evaluation of thermal

conductivity and it measured by the 3® system introduced in chapter 3. The

87



results (Figure 4.20) as expected, thermal conductivity in the out of plane
direction increased along with the increase in the number of NPs layers due
to the decrease of distances between layers. Even though the measuring
direction of electrical parameters and thermal conductivity are different, the

results still indicate the improvement of ZT value.
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Figure 4.20 Results of multi-layers structure samples with 4, 9 layers and film only

without NPs in thermal conductivity measurement.

The porosity-adapted Cahill-Pohl (p-CP) model of minimum thermal
conductivity, which can be applied for both polycrystalline and amorphous
state?® was introduced in this study. Compared with the experimental data
129,

quantitatively, a simplified limit-case model proposed by Cahill and Poh

39 which predicts the minimal thermal conductivity kmin was considered as a

88



solution for the explanation of experimental results. In the model, heat is
considered as a random walk of damped and localized Einstein oscillators
with different sizes and frequencies, which follow the density of states of the
acoustic phonon model. The generalized point is that physically noncoherent
but coupled atoms cannot have a lower thermal conductivity than Kmin(T),
with a wealth of experimental data on bulk materials and thin films cited
therein to support this conclusion. The minimum thermal conductivity of an

amorphous material can be written as®°

mm(T) - (_)1/3k n2/3 ZLU ( ) f

0;/T x3e*
(e*-1)?

———dx (4-13),

where kg 1s Boltzmann constant, n is the atom density per unit volume, v; the
speed of sound for each polarization i, and

0; =vi(h/kg)(6m*n)' (4-14),

the Debye cutoff frequency expressed as a temperature. Considering that all
NPs within films in this study as holes in the porous film, then the minimum
thermal conductivity here can be adjusted to the porosity (p-CP model):
Kmin(T) = f(P) * Kpin(T) (4-15)

Where f(P) is a porosity adjusted factor which has a connection with the

porous film’s thermal conductivity and dense film’s thermal conductivity, P

is porosity which can be defined as
p=1-< (4 16).

Where pris film density, py is bulk density. As reported model for Si, porosity
adjusted factor can be expressed as

f(P)=(1-P)° (4-17)".
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According to this calculation method, the calculated results (Figure 4.21) and
experimental results are not same, however, as the comparable values the
experimental results show almost same reduction tendency. Holes and NPs
have different effects on thermal conduction properties, besides having the
same phonon scattering on interface. Thereof p-CP model may be considered
as a rough approximation for the situation of phonon scattering on NPs in

this study.

. Experimental

0.15 -

k (W/mK)

0.05 :

Layer Number

Figure 4.21 Calculated results of multi-layers structure samples with 4, 9 layers and film

only without NPs in CP model.

90



4.4 Conclusion

In this chapter, NPs were embedded in thermoelectric material Bigp4TeszSbi .6
thin film by BNP. At first, in order to evaluate the thermoelectric properties,
Seebeck coefficient, electrical conductivity and thermal conductivity were
measured by direct methods, Hall effect measurement and TDTR method,
respectively. The electrical results agreed with the assumption of the NPs’
effect in Bip4Te3Sbi¢ thin film such as filtering effect and de-doping.
However, the thermal conductivity results did not show an agreement with
the prediction that thermal conductivity decreased due to phonon scattering,
which we consider to be because the quantity and size of NPs in thin film
were much weaker to affect thermal conductivity. On the contrary, the
thermal conductivity increased along with NPs embedded in film because of
higher thermal conductivity of NPs.

Furthermore, three dimensional structure was fabricated to amplify the
phonon scattering effect of NPs. After the investigation of three dimensional
nanostructure, it was confirmed that multi-layer NPs structure was fabricated
successfully. And the thermal conductivity decreased as design. CP model
was also introduced in this study to approximate the phonon scattering effect.
Even though the approximation is rough, but amplification of phonon

scattering along with increasing NPs layer has been proved.
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® Chapter 5

5 Effects of FeOx NPs in SiOz Thin Film
5.1 Introduction

Thermal conduction at the nanoscale is totally different to that of the
macroscale. Recent improvements in theoretical calculation and
experimental techniques have enabled a large number of interesting
observations and understanding of thermal conduction processes at the
nanoscale. In this chapter, according to the recent advances in theoretical
calculations used in amorphous materials and nanoscale thermal transport
studies, computational results will be compared to the experimental results.
Furthermore, discussion on current understanding of the novel phenomena
of nanoscale thermal conduction will be done, based on the contrast between
experimental and computational results. The perspectives here challenge the
understanding and controlling nanoscale thermal conduction by
nanostructure.

As introduced in chapter 4, the FeOx NPs in Big 4Te3 ¢Sb; ¢ thin film actually
decreased the thermal conductivity when enough FeOx NPs are embedded.
This phenomenon can be explained by phonon scattering. However,
according to the Wiedemann-Franz law and its relationship with thermal
conduction in semiconductor materials which was discussed in chapter 1, the
explanation just focused on phonon is not enough because Big4Te; ¢Sbi 6 is a
degenerate semiconductor and the electrical current in thermal conduction
cannot be ignored. Furthermore, for investigation and control of heat transfer

by nanostructures, effect of electric current or grain boundary should be
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prevented, therefore, normal amorphous insulator material SiO, was selected
as a thin film material to research the relationship between nanostructure and
thermal conduction in thin film. On the other hand, as distribution of protein
and FeOx NPs by BNP, PEG20k-ferritin was chosen to fabricate the nano-
composite structure. This is because the separation distance (SD) made by
PEG20k-ferritin is an appropriate value with the mean free path in S10,, This
is the case since PEG20k-ferritin can distribute the longest SD and that the
mean free path of SiO; have a large distribution range (10 nm-1 pm).

The heat transport in this study should be treated in terms of the transport
of phonons. As known, phonons contain two kinds of modes, acoustic and
optical phonon modes. The optical phonon modes which obey the Einstein
model commonly contribute little to thermal conduction which is always
ignored except for at very high temperature region, due to their tiny group
velocity. Therefore, the acoustic phonon modes which obey the Debye model
mainly contribute to thermal conduction. Although the phonon concept was
discovered around the beginning of the 20th century, the understanding and
the control technologies in nanoscale thermal conduction based on phonons
compared to electronic properties and optical properties were much delayed.
Along with the refinement down to the nanoscale, the influence of size
effects on the thermal conductivity of phonon in crystalline thin films has
been widely researched topic'™, since a deeper knowledge of phonons in the
nanoscale is necessary. Therefore, in this study, the main direction is to
deepen the understanding of thermal conduction in the nanoscale region from

the perspective of phonon.
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All the nanostructures discussed in this chapter are composite nanostructure
embedded with NPs, protein shell and hybrid structure with organic protein
shell, and inorganic NPs inside protein. The simulation by molecular
dynamics (MD) was employed to explain the nano-composite structure
embedded with FeOx NPs and approximation of the nanostructure embedded
with organic materials by porosity model. Theoretical analysis from mean
free path of phonons was also used for protein shell only and hybrid structure

with organic and inorganic materials.

5.2 Multi-layers nanocomposited structure in SiO, Thin Film

In chapter 4, the fabrication of nanostructure such as deposition of
Big.4Tes 0Sbi 6 thin film by PLD and distribution of FeOx NPs by BNP, have
been introduced. However, in this chapter, the material of thin film has been
changed into SiOs. Instead of PLD, electron beam deposition equipment was
used to deposit amorphous SiO, thin film at conditions of 6x10* Pa, 8 kV
work voltage, and 15 mA work current. On the other hand, experimental

conditions of BNP are still the same with that in chapter 2 and 4.

5.2.1 Experimental Process

In order to compare to experimental data, the total thickness of Si0; film is
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1l.
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also 200 nm. The number of FeOx NP layers are 0, 3, and 5, respectively, due
to shorten the experimental period of time. Therefore, every sample was
fabricated with depositing SiO, 5 times, and thickness is 40 nm for every
time. Because it is convenient to do a comparison between each other with
same fabrication conditions.

According to the principles of 3m measurement system discussed in chapter
3, the sapphire substrates were chosen to fabricate samples. The main
discussion in this study is to analyze the changes of thermal conductivity in
the out-plane direction with different nanostructures through different
theoretical models. The details of experiment are below:

1x1 cm sapphire substrates with 3 nm thick thermal oxide layer were
cleaned by acetone, methanol, and pure water. After the cleaning process,
UV-Ozone treatment was done for 10 min at 115°C in order to dry
substrates and remove organic impurities.

Si0, film was deposited on substrates by TEOS-PECVD at conditions of
O, flow rate of 300 sccm, TEOS (Tetraethyl orthosilicate) flow rate of 3
scem, pressure of 80 Pa, temperature at 300°C and RF power at 150 W.
According to the discussion in chapter 3, stability of results from 3w
measurement asks for less surface rough and selection of frequency for
measurement signal, furthermore, for distribution by BNP, flat SiO,
surface is necessary. Therefore, thickness of SiO; film was determined
as 80 nm.

After the deposition process, UV-Ozone treatment was done for 10 min

at 115°C in order to make a hydrophilic surface. Then, the substrates were
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put into pure water for storage until the protein distribution.

For the protein distribution, at first, the samples were spin-dried. Then
the solution of PEG20k-ferritin (0.05 mg/ml) with Fe core at an AA
concentration of 10 mM, was dropped on the samples with 3 and 5 FeOy
NPs layers (30 puL) and held for 1 min. Next, the solution was spin-dried
using the optimized spin coater conditions of 360 rpm, 60 sec; 1000 rpm,
60 sec; 5000 rpm, 30 sec.

All the samples were subjected to UV-Ozone treatment for 40 min at
115°C in order to eliminate the organic materials completely, after the
distribution process.

All the samples were put inside chamber of electron beam deposition
equipment, 40 nm SiO; thin film was deposited on FeOx NPs directly.
UV-Ozone treatment was done with all samples for 10 min at 115°C in
order to make hydrophilic surfaces. Then, the substrates were put into
pure water for storage until the protein distribution.

For the second protein distribution, the samples were spin-dried, at first.
Then the PEG20k-ferritin solution which is the same as step iv was
dropped on the samples with 5 FeOx NPs layers (30 pL) and held for 1
min. Next, the solution was spin-dried using the optimized spin coater
conditions as above.

UV-Ozone treatment was done with all the samples for 40 min at 115°C
in order to eliminate the organic materials completely, after the
distribution process.

All the samples were placed inside electron beam deposition chamber,
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and 40 nm Si0, thin film was deposited on the FeOx NPs directly.

The UV-Ozone treatment was done with all the samples for 10 min at
115°C in order to make hydrophilic surfaces. Then, the substrates were
put into pure water to store until protein distribution.

For the third time of protein distribution, the samples were spin-dried at
first. Then, the PEG20k-ferritin solution which is same as step iv. was
dropped on the samples of 3 and 5 FeOx NPs layers (30 uL) and held for
1 min. Next, the solution was spin-dried using the optimized spin coater
conditions as above.

The UV-Ozone treatment was done with all samples for 40 min at 115°C
in order to eliminate the organic materials completely, after the
distribution process.

All the samples were put inside chamber of electron beam deposition
equipment, 40 nm SiO; thin film was deposited on FeOx NPs directly.
The UV-Ozone treatment was done with all samples for 10 min at 115°C
in order to make hydrophilic surfaces. Then, the substrates were put into
pure water to store until protein distribution.

For the fourth time of protein distribution, the samples were spin-dried
at first. Then the PEG20k-ferritin solution which is same as step iv. was
dropped on the sample of 5 FeOx NPs layers (30 pL) and held for 1 min.
Next, the solution was spin-dried using the optimized spin coater
conditions as above.

The UV-Ozone treatment was done with all samples for 40 min at 115°C

in order to eliminate the organic materials completely, after the
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distribution process.

The samples were put inside chamber of electron beam deposition
equipment, 40 nm SiO; thin film was deposited on FeOx NPs directly.
The UV-Ozone treatment was done with all samples for 10 min at 115°C
in order to make hydrophilic surfaces. Then, the substrates were put into
pure water to store until protein distribution.

For the fifth time of protein distribution, the samples were spin-dried at
first. Then the PEG20k-ferritin solution which is same as step iv. was
dropped on the samples of 3 and 5 FeOx NPs layers (30 uL) and held for
1 min. Next, the solution was spin-dried using the optimized spin coater
conditions as above.

The UV-Ozone treatment was done with all samples for 40 min at 115°C
in order to eliminate the organic materials completely, after the
distribution process.

All the samples were put inside chamber of electron beam deposition
equipment, 40 nm SiO; thin film was deposited on FeOx NPs directly.
Three kinds of samples, which are SiO, film only and SiO, film
concluding 3 and 5 FeOx NPs layers, were fabricated (Figure 5.1). All
these samples put onto metal mask of 3® measurement pattern, about 430
nm thick Al was deposited by electron beam deposition equipment.
Finally, all the samples were measured by 3 measurement system which

was set up by ourselves, in the out-plane direction (chapter 3).
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Figure 5.1 Schematic figure of nanocomposite samples’ structure.

5.2.2 Results and Discussion by MD simulation of Perturbation Theory

The 30 measurement results (Figure 5.2) showed that thermal conductivity
for samples with only SiO; film, SiO; film concluding 3 and 5 NPs layers
increased along with increase of NPs layers, which indicate that NPs increase
the thermal conductivity. Every error range was made by six samples. And
this result is opposite to the results in Big4Tes ¢Sb; 6 thin film in chapter 4.
However, the properties of thermal conduction in these two situations are
totally different from each other. For instance, the mean free path of phonons
or ratio of contribution of thermal conductivity for electrons and phonons are

different. Therefore, even with same nanostructure, Big4Tes.0Sbi.¢ and S10;
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thin film should have different NP effects.
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Figure 5.2 Results of 3w measurement for samples SiO» film only, SiO» film concluding
3 and 5 NPs layers.

In order to explain the phenomenon, MD simulation was employed to
analyze the nanocomposite structures. Recently, MD simulations are
becoming very important tools to analyze properties of thermal conduction
by phonons. Through MD simulations, more complex potential functions,
not just simple pair potentials such as Morse types or Lennard-Jones, are
available™ 6. For instance, it was possible to do calculation with many-body
potentials for complex solids, interfaces and molecules” ®. Furthermore, the
first principles calculations which are based on non-empirical potentials,

have turned to widely be usable, such as application for calculation of
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phonon transport properties”!!. Along with the development of synthesis and
characterization of materials at the nanoscale, it is becoming more and more
important to understand and control thermal conduction of interfaces or
nanostructures'?. At the nanoscale, thermal conduction is different from the
macroscale, especially in situations where the scale is shorter than the
phonon mean free path. The non-equilibrium molecular dynamics (NEMD)
simulations offer a method to calculate these properties directly. On the other
hand, equilibrium molecular dynamics (EMD) simulations are widely used
to calculate bulk thermal conductivity through the Green-Kubo (GK)
formula and the linear response theory!'*!>. The common method of using
NEMD to calculate thermal conductivity includes putting a perturbation into
the system and detecting the response from the system. Although the
perturbation can be applied in different ways, the most common choice is the
steady temperature gradient or heat flux, through which the thermal
conductivity of system can be derived directly. Another important
application of the perturbation is to put it onto the Hamiltonian of the system.
Nevertheless, NEMD methods using perturbation have much faster
convergence compared to the GK method.

For MD simulations, there are many software packages such as LAMMPS!®,
GROMACS', DL POLY'® and NAMD', which enable even non-experts
who do not understand code well, to easily do MD simulations and calculate
various properties. However, in thermal conductivity calculation by MD,
very small technical error can cause mistakes in the calculations?*23. All the

MD methods have their advantages and disadvantages. Therefore, it is
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important to understand the limited conditions of each method. In this study,
SCIGRESS which was made by FUJITSU Co., was employed to simulate
thermal conductivity in non-equilibrium molecular dynamics (MD-ME
module). The method in simulation is called perturbation method in which
applying perturbation on Hamiltonian leads to a linear response. And the
gradient of the line is the value of thermal conductivity. Fe,Os; and Al,O3 also
have the same crystal structure (hR30) and kinds of potentials (Born-Mayer-
Huggins), and iron oxide NPs was considered as Fe;Os in the simulation.
Therefore, Al,O3 was utilized as the NPs’ material to approximate Fe,Oz NPs,
due to a lack of potential packages for Fe>Os. Furthermore, for huge
calculation with real size of models, one tenth size was used to model the
subunit of nanostructure (Figure 5.3), because there are no significant change
with diminishing size in a certain range, once the scale is smaller than limit
value. The stability of subunit will decrease due to perturbation. The
potential model which was utilized to MD simulation, is CMAS94 composed
of pairwise additive interaction of Coulomb, van der Waals force, and
repulsive interactions, in Born Mayer Huggins (BMH) type potential**. And
BMH potential can be expressed as

ZZje? Sl it C;

D
+Aijbe p % T s (5-1),

r¢ r

@;;(r) = pr.
where the first item is a Coulomb item, the second item is repulsive
interactions item, the third item is the instantaneous dipole—induced dipole
forces item, the fifth item is instantaneous quadrupole—induced dipole forces

item; and g 1s dielectric constant of vacuum, Z; and Z; are valence of ion, Aj

is Pauling factor, b is parameter to express strength of repulsive force, o; is
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parameter to express size of ion, p is softness parameter, C;; is parameter of
dipole—induced dipole interaction, Dj; is parameter of quadrupole—induced
dipole interaction.

oxide o
silicon o
o

aluminium

Figure 5.3 Image of subunit nanostructure for simulation model in SCIGRESS.
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Figure 5.4 Comparison between experimental results and results of simulation for

samples SiO> film only, SiO> film concluding 3 and 5 NPs layers.

Through the comparison between the MD simulation results and the
experimental results for SiO, film only samples, SiO; film with 3 and 5 NPs
layers (Figure 5.4), the gradient of thermal conductivity change with layer
number increase is almost the same. This observation was made even though
there is a shift between results of MD simulation and experiment due to
errors in MD simulation model or 3®m measurement. Therefore, the
calculations in this MD simulation should be considered as an ideal
verification and explanation. The simple explanation is that thermal
conductivity of NPs is more than 20 times higher than the film. Therefore,
even though phonons scattering occurred, the whole nanocomposite

structure still caused a raise of thermal conductivity. Furthermore, the
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thermal conductivity will increase along with NPs layers increase.

5.3 Nano Hybrid structure concluding Multi-layers PEG20000-ferritin with
and without core (apo-ferritin) in SiO; Film

Nanocomposite structure embedded with NPs has been analyzed and the
results show that thermal conductivity increased. The samples include only
inorganic materials. Therefore, an interesting idea was considered, that if the
organic materials left with NPs to fabricate a hybrid structure or protein shell
without inorganic NPs, consequent results are really expected. For instance,
higher effect of phonon scattering will occur, that causes a desirable decrease
of thermal conductivity. As a novel idea, a hybrid structure with organic and
inorganic materials has already been theoretically demonstrated and realized
for devices®> %%, In the future, hybrid of organic and inorganic materials will
play a major role in the development of advanced functional nanomaterials.

In this section, hybrid organic-inorganic materials are fabricated and
analyzed in theory. For the hybrid structure, multi-layers of PEG20k-ferritin
with and without NPs core in SiO; thin film as hybrid structure will be

fabricated and discussed.
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5.3.1 Experimental Process

The fabrication processes for hybrid structure are almost the same with
experimental processes of nanocomposite structure in section 5.2.1, only
without the organic materials’ elimination processes by UV/Ozone for 40
min since the protein shells should remain. Nanostructure with organic
protein shell is a more complex structure, but serial processes become
simpler due to 40 min that is saved in every layer fabrication cycle.

As a test experiment, samples with one PEG20k-ferritin layer were
fabricated first (Figure 5.5). After the cleaning process and SiO; thin film
deposition, SEM images were taken after the bio nano process to observe the
distribution of PEG20k-ferritin. As the SEM images (Figure 5.6) showed,
NPs inside PEG20k-ferritin distributed uniformly, which indicate proteins

used this time are the same as before.

Protein layer{Low k)

: Inorganic NP
SiO
? (Fe,05)
Si

Figure 5.5 Schematic figure for one layer of PEG20k-ferritin with FeOx NPs core.
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Figure 5.6 SEM image for sample of one PEG20k-ferritin layer with FeOx NPs core.

After the fabrication of one layer samples, cross-sectional TEM images
were taken to confirm the nanostructure and film properties. According to
the cross-sectional TEM images (Figure 5.6), PEG20k-ferritins, which were
embedded inside the SiO2 thin film, still kept structure. In the images, the
black central part is NPs of iron oxide, and white shell part is considered as

protein and PEG.
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Figure 5.7 Cross-sectional TEM images for one layer of PEG20k-ferritin with FeOx NPs

core.

As a final evaluation step for the experiment, electrode patterns for 3
measurement were deposited by electron beam deposition equipment on one
layer sample. The samples were then measured by 3m measurement system
in the out-plane direction (Figure 5.8). According to the thermal conductivity
results (Table 5.1), the thermal conductivity reduced about 7% due to
PEG20k-ferritin embedded which is considered as the effect of phonon

scattering by the shell of the organic materials.
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Figure 5.8 3w measurement results for comparison between one PEG20k-ferritin (with

FeOx core) layer sample and thin film only sample.

Table 5.1 30 measurement results for contrast between one PEG20k-ferritin (with FeOx

core) layer sample and thin film only sample.

Samples Thermal conductivity (W/mK)
Film only 1.41
Protein embedded film 1.32

However, the decreased value is too small to validate the reduction,
comparing to error region of 3® measurement system. Therefore, multi-
layers nanostructure of PEG20k-ferritin (with FeOx core) were fabricated

following the processes in the nanocomposite structure with NPs except for
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the elimination of protein shell by UV/Ozone (Figure 5.9). Furthermore,
PEG20k-ferritin without NPs core (apo-ferritin) were also utilized to
fabricated nanostructure samples with same processes due to investigate
effects of core inside (Figure 5.10). However, the numbers of apo-ferritin

layers are different from the samples concluding NPs.

— — —
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Figure 5.9 Schematic figure of multi-layers PEG20k-ferritin samples’ structure.
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Figure 5.10 Schematic figure of multi-layers apo-ferritin samples’ structure.

Following the same evaluation methods, cross-sectional TEM images were
taken to confirm the multi-layered nanostructure. According to the cross-
sectional TEM images (Figure 5.11), multi-layered nanostructure was
fabricated successfully. Furthermore, the dots in the S10; film show the white

shell and black core which were assumed as protein ferritin with PEG and
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FeOx NPs, respectively. Furthermore, the NPs were confirmed by Fe
elements’ EELS (Electron Energy Loss Spectroscopy) mapping and the
images showed that FeOy cores still exist inside PEG20k-ferritin without
diffusion (Figure 5.12). Namely, the hybrid structure which contains
PEG20k-ferritin shell and NPs inside, is stable after the fabrication processes.
There are some damage on the upper layer of protein shells due to milling
process for fabrication of cross-sectional TEM samples. For another
consideration, the shape and structure of protein shell should change due to
denaturation after drying process and SiO» deposition. However, the organic
materials which were left from PEG-ferritin still enclose the NPs and

contribute to phonon scattering.

Figure 5.11 TEM images for sample of hybrid nanostructure with 5 layers FeOx NPs of

PEG-ferritin.
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TEM image EELS (Fe)

Figure 5.12 EELS mapping for multi-layers FeOx NPs within PEG20k-ferritin by TEM.

5.3.2 Theoretical Analysis for Thermal Conductivity in Amorphous SiO:
Film

Following the confirmation of nanostructure, samples were measured by
30 measurement system. From the results of 3w measurement in the out-
plane direction (Figure 5.13), the thermal conductivity actually decreased
along with increase in the number of layers. Even though only embedded

NPs cause an increase of thermal conductivity, NPs wrapped by PEG20k-

116



ferritin can actually depress the thermal conductivity. We considered that the
organic materials shell have more effect on the phonon scattering in
amorphous SiO, thin film. However, the assumption needs theoretical
support. Therefore, the calculations of thermal conductivity based on phonon

properties were carried out.

k (W/mK)
T T T S A% I AS I A ]
N D ® © o N b
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Figure 5.13 30 measurement results of 3, 5 PEG20k-ferritin layers samples and thin

film only sample.

According to phonon modes divided in disordered solids (e.g., alloys,
amorphous materials) which can be classified as propagated phonons
(propagating and delocalized, i.e., phonon like), diffusions (non-propagating

and delocalized), and located phonons (non-propagating and localized) 2",
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the relations of thermal conductivity by those kinds phonons can be

expressed as
Kp = Kpr + Kap (5-2),

where K, 1s thermal conductivity contributed from phonons, «p is thermal
conductivity contributed from propagating phonon modes®® and xar is
thermal conductivity contributed from non-propagating phonon modes
predicted by the AF theory’!. For propagating phonon modes, thermal

conductivity can be written as®> 3:

Kpr = = Jy ™ DOS (@) C () Dpr (@) des (5-3),

where V is the system volume, mqy is the maximum frequency of propagating
phonon modes, DOS(w) is the phonons’ vibrational density of states (DOS),
C(w) is the phonon mode specific heat which is divided by phonon
frequencies, and Dp(®) is the phonon mode diffusivity. And DOS can be

calculated by

3V w?

29,3
2mevUg

DOS(w) =

(5-4),

where v is an appropriate sound speed. The specific heat can be calculated

by the full quantum formula

hw/2kgT
sinh(hw/2kgT)

C(w) = kg 1? (5-5),

where # is the Planck constant divided by 2n. The propagating phonon

modes’ diffusivity can be expressed as
1 1
Dpe (@) = 3027(0) = 3051(w) (56)

because of l(w) = v,7(w) (5-7),

118



where 7(w) 1s the lifetime of frequency-dependent phonon mode and l(w) is
the MFP of phonon. Furthermore, the lifetimes can be modeled as
T(w) = Bo™ (5-8),

where B is a constant coefficient that incorporates the effect of temperature.
In amorphous materials, the scaling exponent n has been tested by
experimental and numerical methods, two and four are found as values of
n334 . A value of two corresponds to anharmonic scattering®, while a value
of four corresponds to Rayleigh type scattering by point defects*. Through
the calculation test, the value four for n is much smaller than a value of two
in this study. Therefore, the calculations were done without a value of four
which was approximated as zero and ignored. Another operation that was
done is the transformation of the formula 5-3 from the expression of
frequency to the expression of MFP, according to the formula 5-7. Thereby,

the formula 5-2 can be written as

p (1) = [ k(DAL +Kar (5-9)
where /* is the maximum MFP and /., is the MFP at the cutoff frequency
which can be calculated from the maximum frequency of propagating
phonon modes by formula 5-7. In this study, it was assumed that the layers
of PEG20k-ferritin can cut MFP off., Namely, the distance between layers
was chosen as maximum MFP (/*). And x4r is used as the value of 1.4+0.1
W/mK?’. Thereby the calculations were carried out, the results of calculation
and experiment showed that the gradient of thermal conductivity’s change
almost the same in experiment and calculation. However, there is a value

shift between theoretical and experimental data which is considered as
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acceptable error region due to error bar in experiment or theoretical model.
Therefore, the theoretical model can explain the experimental phenomena

perfectly.
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Figure 5.14 Theoretical calculation and experiment results of 3, 5 PEG20k-ferritin

layers samples and thin film only sample.

Furthermore, the results for apo-ferritin also showed a decrease of thermal
conductivity along with protein layers increased (Figure 5.15). However, the
data is not stable in 3® measurement and error ranges are wide. Furthermore,

the cross-sectional TEM images are also taken, but there are no clear
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nanostructure that can be observed suggesting that the apo-ferritin shrank or
were even broken after film deposition. Therefore, the data could not show

the properties of multi-layered structure.
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Figure 5.15 3 measurement results of 2, 3, 4 apo-ferritin layers samples and thin film

only sample.

5.4 Conclusion
In this chapter, the change of thermal conductivity in amorphous SiO; thin
film was discussed with employment of nanostructures. Compared to the

nanostructure in chapter 4, amorphous SiO, could avoid the phonon
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scattering at the grain boundary and thermal conductivity contribution from
electron. Furthermore, nanocomposite structure of multi-layers NPs and
hybrid structure of inorganic FeOyx NPs and organic PEG20k-ferritin shell
were utilized to control the change of thermal conductivity (Ak). From the
results (Figure 5.16), the existence of the organic material shells could lead

to the tendency of thermal conductivity to change.

Layer Number

Figure 5.16 Contrast between nanocomposite structure samples and hybrid structure

samples with of 3, 5 NPs layers and 3, 5 PEG20k-ferritin layers, respectively.

For FeOx NPs, there should be phonon scattering effect on the interface
between NPs and thin film. However, because material of NPs have much
higher thermal conductivity than the thin film material, the thermal

conductivity increased along with NPs embedded in thin film.

122



On the other hand, without the elimination processes of protein shell,
nevertheless higher thermal conductivity NPs still exist inside protein shell,
but the thermal conductivity actually decreased due to strong phonon
scattering effect on the interface between organic and inorganic materials.
Namely, organic protein shell can efficiently scatter phonon from inside or
outside, or even cut off the MFP of phonon. All these assumptions had been
proven by MD simulation and calculation with different phonon modes for
thermal conductivity. Therefore, the nanostructures designed were fabricated
successfully, and thermal conductivity in materials embedded in
nanostructures were reduced or raised. And the techniques of fabricating
nanostructures in this chapter exhibited a novel method to control thermal
conduction in the nanoscale. That should have great applications for not only
improvement of thermoelectric materials but also common materials science,

as refinement is being made in the nanoscale or beyond.

123



Reference

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

G. Chen, Nanoscale Energy Transport and Conversion: A Parallel Treatment of
Electrons, Molecules, Phonons, and Photons (Oxford University Press, New York,
2005).

D. Li, Y. Wu, P. Kim, L. Shi, P. Yang, and A. Majumdar, Appl. Phys. Lett. 83, 2934
(2003).

A. M. Marconnet, M. Asheghi, and K. E. Goodson, J. Heat Transfer 135, 061601
(2013).

H. Zhang, C. Hua, D. Ding, and A. J.Minnich, Sci. Rep. 5, 9121 (2015). I. Yamashita,
Thin Solid Film. 393, 12 (2001).

P.M. Morse, Diatomic Molecules according to the wave mechanics II. Vibrational
levels, Phys. Rev., 34 (1929) 57.

J.E. Lennard-Jones, On the Determination of Molecular Fields, Proc. R. Soc. Lond.
A, 106 (1924) 463.

A.J.H. McGaughey, M. Kaviany, Phonon Transport in Molecular Dynamics
Simulations: Formulation and Thermal Conductivity, Advances in Heat Transfer, 39
(2006) 169.

S. Maruyama, Molecular dynamics method for microscale heat transfer, Adv. Numer.
Heat Transfer, 2 (2000) 189.

K. Esfarjani, G. Chen, H.T. Stokes, Heat transport in silicon from first-principles

calculations, Phys. Rev. B, 84 (2011) 085204.

[10]D.A. Broido, M. Malorny, G. Birner, N. Mingo, D.A. Stewart, Intrinsic lattice

thermal conductivity of semiconductors from first principles, Appl. Phys. Lett., 91

(2007) 231922.

124



[11]J. Shiomi, K. Esfarjani, G. Chen, Thermal conductivity of half-Heusler compounds
from first-principles calculations, Phys. Rev. B, 84 (2011) 104302.

[12]G. Chen, Nanoscale Energy Transport and Conversion, Oxford University Press,
New York, 2005.

[13]Kubo, R. (1957) “Statistical-mechanics theory of irreversible processes. 1. General
theory and simple application to magnetic and conduction problem”, J. Phys. Soc.
Jpn. 12, 570.

[14]Green, M.S. (1951) J. Chem. Phys. 19, 1036.

[15]De Groot, S.R. and Mazur, P. (1962) Non-equilibrium Thermodynamics (North-
Holland, Amsterdam), p 8.

[16]S. Plimpton, Fast parallel algorithms for short-range molecular dynamics, J. Comp.
Phys., 117(1) (1995) 1.

[17]D.v.d. Spoel, E. Lindahl, B. Hess, G. Groenhof, A.E. Mark, H.J.C. Berendsen,
GROMACS: Fast, flexible and free, J. Comp. Chem, 26 (2005) 1701.

[18]1.T. Todorov, W. Smith, K. Trachenko, M.T. Dove, DL POLY 3: new dimensions in
molecular dynamics simulations via massive parallelism, Mat. Chem., 16 (2006)
1911.

[19]J.C. Phillips, R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. Chipot, D.
Skeel, L. Kale, K. Schulten, Scalable molecular dynamics with NAMD, J. Comp.
Chem, 26(1781) (2005).

[20]P.K. Schelling, S.R. Phillpot, P. Keblinski, Comparison of atomic-level simulation
methods for computing thermal conductivity, Phys. Rev. B, 65 (2002) 144.

[21]A. Tenenbaum, G. Ciccotti, R. Gallico, Stationary nonequilibrium states by

molecular dynamics Fourier’s law, Phys. Rev. A 25 (1982) 2778.

125



[22]J.R. Lukes, D.Y. Li, X.-G. Liang, C.-L. Tien, Molecular dynamics study of solid thin-
film thermal conductivity, J. Heat Transfer, 122 (2000) 536.

[23]P. Chantrenne, J.-L. Barrat, Finite size effects in determination of thermal
conductivities: comparing molecular dynamics results with simple models, J. Heat
Transfer, 126 (2004) 577.

[24]M. Matsui, Phys Chem Minerals, 23, 345, (1996).

[25]J. Shen, E. Xu, Z. Kou, S. L1, A coupled cluster approach with a hybrid treatment of
connected triple excitations for bond-breaking potential energy surfaces, J. Chem.
Phys. 132, 114115 (2010).

[26]H. J. Bolink, H. Brine, E. Coronado, M. Sessolo, Phosphorescent Hybrid Organic-
Inorganic Light-Emitting Diodes, Adv. Mater. 22, 1 (2010).

[27]). M. Larkin and A. J. H. McGaughey, PHYSICAL REVIEW B 89, 144303 (2014).

[28]P. B. Allen, J. L. Feldman, J. Fabian, and F. Wooten, Philos. Mag. B 79, 1715 (1999).

[29]P. B. Allen and J. L. Feldman, Phys. Rev. B 48, 12581 (1993).

[30]J. M. Ziman, Electrons and Phonons (Oxford University Press, New York, 2001).

[31]J. L. Feldman, M. D. Kluge, P. B. Allen, and F. Wooten, Phys. Rev. B 48, 12589
(1993).

[32]J. L. Feldman, M. D. Kluge, P. B. Allen, and F. Wooten, Phys. Rev. B 48, 12589
(1993).

[33]J. L. Feldman, P. B. Allen, and S. R. Bickham, Phys. Rev. B 59, 3551 (1999).

[34]X. Liu, J. L. Feldman, D. G. Cahill, R. S. Crandall, N. Bernstein, D. M. Photiadis, M.
J. Mehl, and D. A. Papaconstantopoulos, Phys. Rev. Lett. 102, 035901 (2009).

[35]H.-S. Yang, D. G. Cahill, X. Liu, J. L. Feldman, R. S. Crandall, B. A. Sperling, and

J. R. Abelson, Phys. Rev. B 81, 104203 (2010).

126



[36]Y. He, D. Donadio, and G. Galli, Appl. Phys. Lett. 98, 144101 (2011).

[37]C. Masciovecchio, G. Baldi, S. Caponi, L. Comez, S. Di Fonzo, D. Fioretto, A.
Fontana, A. Gessini, S. C. Santucci, F. Sette et al., Phys. Rev. Lett. 97, 035501 (2006).

[38]G. Baldi, V. M. Giordano, G. Monaco, and B. Ruta, Phys. Rev. Lett. 104, 195501
(2010).

[39]G. Baldi, V. M. Giordano, and G. Monaco, Phys. Rev. B 83, 174203 (2011).

[40]G. Baldi, M. Zanatta, E. Gilioli, V. Milman, K. Refson, B. Wehinger, B. Winkler, A.
Fontana, and G. Monaco, Phys. Rev. Lett. 110, 185503 (2013).

[41]J. Horbach, W. Kob, and K. Binder, Euro. Phys. J. B: Condens. Matter Complex Syst.
19, 531 (2001).

[42]J. L. Feldman, J. Non-Cryst. Solids 307-310, 128 (2002).

[43]J. K. Christie, S. N. Taraskin, and S. R. Elliott, J. Non-Cryst. Solids 353, 2272 (2007).

[44]]. Callaway, Phys. Rev. 113, 1046 (1959).

[45]P. G. Klemens, Proc. Phys. Soc. A 68, 1113 (1955).

127



® Chapter 6

6 Conclusion and Future Work
6.1 Conclusion

In materials science, there have been a lot new research directions which
brought many excellent achievement. For instance, the methods such as
employing nanostructures to improve properties in materials science have
exhibited novel techniques to enable great improvements by using just
common materials. However, properties of materials in nanoscale are
different from bulk or macroscale. Research of nanoscale properties such as
thermal conductivity have attracted a lot of concerns. However, fabrication
of uniform nanostructures and evaluation of properties in nanoscale are key
issues and still difficult. In this study, the bio nano process (BNP) was
employed to fabricate uniform nanostructure. Furthermore, organic materials
could be imported to make hybrid structure with inorganic materials due to
BNP. On the other hand, 3® method was utilized as a measurement tool to
evaluate the thermal conductivity in the out-plane direction for thin film with
nanostructures. Thereby nanostructures which contain nanocomposite
structure with FeOx NPs and hybrid structure with PEG-ferritins, were
embedded into thermoelectric material polycrystalline Big4Tes; oSbis and
insulator material amorphous SiO; to improve the efficiency and control the
thermal conduction, respectively. The results obtained in this study are
important from both a scientific and an engineering point of view.

In chapter 2, the protein ferritin was selected as a cage to carry and

distribute NPs on the two dimensional surface. At first, for improvement of
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the absorption of ferritin, conditions of ferritin solution were optimized to a
concentration of 0.01 mg/ml and ammonium acetate (AA) ion concentration
of 10 mM. Furthermore, in order to improve the separation distances (SD)
of NPs, modification of PEG2k, 5k, 10k and 20k were employed. The
evaluation of modification by MALDI-TOF/MS and situation of PEG-
ferritin in solution by DLS. Finally, distributions were evaluated by
probability distribution function through SEM images of NPs. It was found
that SD increased and uniformness improved with the weight of modified
PEG.

In chapter 3, in order to evaluate the thermal conductivity, 3o measurement
system was set up. Through measurements of many different kinds of
substrates such as glass, silicon, YSZ, sapphire, etc. and SiO, thin film, the
system was optimized from the hardware like probe, stage, thermo-couple,
etc. to the software such like value of voltage signal, frequency region, etc.
of measurement. Finally, it was confirmed that the 3® measurement system
can measure thermal conductivity of thin film in the out-plane direction
correctly. And this system was utilized to evaluate the thermal conductivity
of thin film with nanostructures in the out-plane direction in this study.

In chapter 4, nanocomposite structure with FeOx NPs were embedded into
thermoelectric material polycrystalline Bip4Tes oSbi ¢ by bio nano process.
At first, one-layer structure was fabricated. In order to confirm the NPs, SEM
images, AFM and XPS analysis were used. After the electric properties
evaluation by Hall effects measurement and direct measurement for Seebeck

coefficient, it was known that the Seebeck coefficient (S) increased and
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electrical resistivity (p) also increased due to filtering effect or de-doping of
holes. Totally, the power factor (S%/p) increased and this is an improvement
for thermoelectric materials. On the other hand, the thermal conductivity did
not have a significant change because the NPs volume ration for NPs is too
small. Furthermore, in order to amplify the effects of NPs, multi-layered
structures of NPs were fabricated and evaluated. According to the results of
the thermoelectric measurements for electrical properties and 3o
measurement, electrical conductivity increased without a significant change
in the Seebeck coefficient. In addition, thermal conductivity decreased along
with the increase of layer number. Through cross-sectional TEM images, it
was known that the polycrystalline film changed into amorphous when NPs
are embedded. This might be the reason for the change of the electrical
properties and are considered for future work. The decrease of thermal
conductivity was explained as phonon scattering after comparing with the
CP model calculation.

In chapter 5, in order to focus on the nanoscale thermal conduction
contributed from phonons, multi-layer NPs and PEG20k-ferritin were
embedded in SiO; thin film. The 3w measurement results in out-plane
direction showed that nanocomposite structure with only NPs raised the
thermal conductivity. On the other hand, the hybrid structure with protein
shell and NPs inside reduced thermal conductivity. For explanation of the
phenomena, MD simulation in perturbation methods and calculations with
divided phonon modes were employed to calculate thermal conductivity.

Furthermore, experimental results were analyzed and proven. This method
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should be a novel way to control thermal conduction in nanoscale.

6.2 Suggestions for Future Work

In this study, the most important result is the development of a serial bio
nano processes to fabricate hybrid nanostructures with organic and inorganic
materials, which can amplify or depress thermal conduction. On the other
hand, with application of the nanocomposite structure, the efficiency of
thermoelectric materials Bip4Tes oSbis was improved. Furthermore,
compared to results of the theoretical model, deep understandings of
nanoscale thermal conduction were realized. However, there are still a lot of
issues left which prevent us from understanding the effects of nanostructures

in thin films. The following are suggested as future work.

1. Measurement of thermal conductivity in the in-plane direction.

All the 3® measurement in this study, is in the out-plane direction
measurement. However, for applications of thin film materials, the in-plane
direction 3w measurement is important to know. For thin films, it is very
difficult to measure the thermal conductivity in the in-plane direction due to
thermal loss from out-plane direction. According to theoretical model of 3w
measurement, the change of width of 30 measurement electrode and multi-
pattern can solve these problems. Therefore, 3w measurement system for in-

plane direction should be a future work to evaluate nanostructures further.
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2. Simulation for hybrid structure.

The MD simulation for multi-layers NPs was performed. However, the
hybrid structure with organic and inorganic materials was calculated by
theoretical model, the deeper analysis such as MD simulations should be

done as a future work.

3. Changing the materials of NPs and thin film.

Multi-layers FeOx NPs or PEG-ferritins within Bigp4Tes oSb;¢ or SiO; thin
film, are fabricated. Through analysis of nanostructures’ effect on thermal
conductivity, novel methods were found to manage nanoscale thermal
conduction. However, the electrical properties are bad for application in
thermoelectric materials. Therefore, a change of thin film’s materials, by
which the electrical properties will be improved, is necessary. NPs’ material
should also be changed in order to make the film more efficient. A lot of

materials could be used by BNP.

4. Application for flexible device

Once the thermal properties and electrical properties are improved through
the optimization of materials, the applications of nanostructure which was
discussed in this research, such as thermoelectric device could be expected
in future. Furthermore, the flexible device should be a possible application,
because all fabrication processes in this research are not high temperature

Processces.
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Appendix:
Radial Distribution Function

Consider a simple atomic liquid or colloidal suspension. The average
density pg(r) at a distance » of a given particle is defined to be pg(7), i.e.
p(r)=pg(r) (D)
Here p is the average density in the fluid. Notice that p(7) is a conditional
density; it is the density at », given a particle is present in the origin. A
qualitative picture of g(r) is given in figure 17; it is called the radial
distribution function.

It is clear that g(r) should go to 1 for large ». At very short » the radial
distribution function must be zero. In per square meter region, g(r)=N/(2np *

d r), where N is the number of NPs in per square meter. Because p is constant,

it can be ignored in calculation of most probility SD. Thus, the formula was
approximated to g(r)=N/(2z - d r) in my study. Outside the van der Waals

diameter, there is a peak because the remaining NPs try to diffuse into the

region occupied by the one at the origin.
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Figure 17 Schematic of radial distribution function.
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