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Abstract

Thermoelectric thin films are an important type of materials for the management

and recycling of waste heat in the ever-shrinking electronic devices, but their

development has been hindered by the dearth of methods for fabricating high-quality

thin films with adequate thermoelectric performance, i.e. high Seebeck coefficient, high

electrical conductivity, and low thermal conductivity. This study develops high-quality

superlattice thin films based on metal oxides and conducting polymers by atomic layer

deposition (ALD) and molecular layer deposition (MLD), aiming to realize significant

enhancement in the thermoelectric figure of merit, or ZT value, of the resultant thin

films. Additionally, the gas permeation properties of the ALD/MLD superlattice thin

films are also examined. Key results and findings of this work are summarized as

follows.

(1) Effects of composition and structure on the thermoelectric properties of metal

oxide superlattice thin films: We used ZnO as our host material, into which we

insert HfOz2, ZrOz, or TiO2 guest layers with various thicknesses and

periodicities as both electrical dopants and phonon-scattering centers. We

arrived at the following conclusions: (i) of the 3 types of guest layers, HfO:

showed the best overall enhancement in ZT, by a factor of 12, over the ZnO

host owing to Hf’s similar ionic radius to Zn’s and high atomic mass; (ii) the

v
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optimal electrical performance was achieved by forming the guest layers as a
mixture of both ZnO and the guest in a periodicity of 1 mixed monolayer per
24 ZnO monolayer; (iii) the best phonon-scattering effect was obtained by
inserting 7 guest monolayers for every two periods of the structure described in
(i1).

(2) Effects of incorporating O'® isotope into the metal oxide superlattice on its
thermoelectric properties: Based on the optimal structure we developed in (1),
we found that the ZT could be further increased by around 20% by replacing
50% of the oxygen content with O'® in a periodicity of 10 nm O'6/10 nm O'8,

(3) Development of novel MLD conducting polymers and their superlattices with
metal oxide semiconductors: Two polymers, polyaniline and poly(3,4-
ethyelenedioxythiophene) (PEDOT), were successfully deposited with
electrical conductivity of up to 500 S cm™!. Superlattice films composed of
alternating 4 periods of ALD mix 19:1 HZO and 6 cycles of MLD PEDOT
were found to offer the maximum improvement in ZT, by ~700%, over that of
the undoped ZnO.

(4) Development of hydrolysis-resistant MLD polymer films to fabricate
ALD/MLD nanolaminated high-performance gas barrier films: Polyamide

(Poly(imino-carbonyl-1,4-phenylene-carbonyl-iminoethylene)) films deposited

A\

doi:10.6342/NTU202000015



from terephthaloyl chloride and ethylenediamine were found to provide the

best long-term stability under humid condition among several polyamide films

studied.

Key words: Thin-film thermoelectrics, atomic layer deposition (ALD), molecular layer

deposition (MLD), zinc oxide (ZnO), superlattice, conducting polymer nanocomposites,

flexible gas barrier, nanoporous materials.
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Chapter 1

Introduction

1.1 Overview of thermoelectricity
According to Quadrennial Technology Review 2015 from the United States

Department of Energy, it is estimated that around 20~50% of industrial energy use
becomes waste heat (e.g. hot exhaust gases, hot equipment surface and the heat pump
away by cooling systems) and is then discharged into the environment'. Besides,
household electrical appliances and personal portable devices also produce waste heat
during operation. Recycling of such waste heat into useable energy will greatly reduce
energy consumption and lessen the environmental impacts of industrial productions.

Thanks to its considerable advantages, such as scalability, reliability, zero extra
energy input and no contamination, thermoelectric power generation is one of the best
methods for recycling waste heat?. Thermoelectricity (TE) is a physical phenomenon
where heat is converted into electrical energy directly, and vice versa. The TE effect was
first discovered by Italian scientist Alessandro Volta, and then became widely known
thanks to the work of Baltic German physicist Thomas Johann Seebeck®. A schematic
illustration of the operating principle of the TE effect is shown in Figure 1.1. When a

temperature gradient is applied to a TE material, the temperature gradient induces a
1
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chemical potential gradient of the charged carriers. The chemical potential gradient
makes the charged carriers flow and then accumulate respectively at the hot and cold
end of the TE material to form an electromotive force (EMF). The formed EMF can
output electrical power if the ends of the TE material are attached to devices, thereby
converting waste heat into useable electrical energy directly.

The efficiency of the thermoelectric effect of a material can be quantified by a
figure of merit, ZT, which is defined as ZT = SZTG T, where S is the Seebeck coefficient,
which is the ratio of the formed EMF over the applied temperature difference (— i—z); o
the electrical conductivity of the material, k the thermal conductivity, and T the absolute
temperature.

As a high efficiency TE material, three properties are required. First, a high
absolute value of Seebeck coefficient, which offers a high EMF to output electrical
work, is required. Second, a high electrical conductivity ensures a low energy
dissipation as Joule heat during operation. Third, a low thermal conductivity is able to
maintain not only high but also consistent temperature difference between the two ends
of the material. In general, ZT>1 is the criterion to determine whether a TE material is
practically usable or not. The summary of some common bulk n-type and p-type TE

materials with high ZT values is shown in Figure 1.2.
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Figure 1.1: Operating principle of TE materials.
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1.2 Fundamental of thermoelectric effect
1.2.1 Origin of thermoelectric effect

In this section, we use a qualitative way to deduce the origin of thermoelectric
effect. First, a material with a finite thin thickness is divided into three parts, and each
part is named as Contactl, Channel and Contact2, respectively. The schematic
illustrations of qualitative derivation are shown in Figure 1.3, Figure 1.4.and Figure 1.5.
When the temperature is homogeneous inside the entire material, the Fermi levels are
the same at Contact] and Contact2. However, when the thermal energy is applied to the
material from a single side, a temperature gradient is created across the material. Here,
we assume that Contactl is the hot side and Contact2 is the cold side. A portion of
electrons at the hot side gains sufficient kinetic energy and then is able to transit to the

higher energy states. In this transition process, the distribution of electrons over energy

1

states at particular temperature is described by Fermi-Dirac distribution,f (E) = —=;
ekBT 11
where kg is Boltzmann’s constant, T is the absolute temperature and y is the chemical
potential of electrons (i.e. Fermi energy). Also, the carrier concentration is known as the
product of Fermi-Dirac distribution and density of states (DOS) of charged carriers.

Next, three situations with regard to the DOS over energy states near Fermi

energy level are discussed as follows.
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(1) The constant DOS over the energy states: In this situation, the concentration of
electrons whose energy are higher than the Fermi energy in the hot side 1s
greater than those in the cold side. On the other hand, the concentration of
electrons whose energy ares lower than the Fermi energy in the cold side is
greater than the one in the hot side. However, the absolute values of
concentration differences in this condition are the same. Hence, there is no net
electron flow in the materials, which means that thermoelectric effect is absent
in this kind of the materials.

(2) The DOS increases with energy: In this case, the absolute value of the
difference in the electron concentration between the hot end and the cold end
for electrons whose energy is higher than the Fermi energy is greater than the
one lower than the Fermi energy. Hence, there is a net electron flow from the
hot end to cold end and then it forms an EMF. By the definition:S = — i—Z, the
Seebeck coefficients of the materials whose DOS increasing with energy are
negative; thus, materials are called as n-type materials.

(3) The DOS decreases with energy: Contrary to situation (2), there is a net
electron flow from cold end to hot end and then it forms EMF. The Seebeck
coefficients for this type of materials are positive, and thus they are referred to

p-type materials.
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1.2.2 Trade-off between electrical conductivity and Seebeck coefficient
The relationship between electrical conductivity and Seebeck coefficient can be
described by Mott formula*, which is shown in Equation (1) and Equation (2). In the
equations, kg is the Boltzmann’s constant, T is the absolute temperature, p is the
chemical potential of electrons (i.e. Fermi energy) and c(E) is called as the energy-

dependent conductivity, which is the product of the energy-dependent mobility u(E) and

the DOS.
df(E
6= Jc(B) (=52 dE oo (1)
_ kg fE—p _ df(E)
So = 22 [k c(E) ( e ) AE. oo )
df(E) . .
In Mott formula, the term(— T) , which can also be called as the Fermi

window, is the differential of the Fermi-Dirac distribution with respect to energy. The

value of the Fermi window is non-zero only within the range of several kgT around

the Fermi level. In addition, this function is symmetric about the Fermi level. The

illustration of the Fermi window is shown in Figure 1.6. It implies that the electrical

conductivity and the Seebeck coefficient of a material are only determined by the

electrons whose energy is around the Fermi level. From Equation (1), we can realize

that all electrons within the Fermi window make positive contributions to the electrical

conductivity. Hence, the more electrons within Fermi window are, the more conductive

materials become. On the other hand, as mentioned in section 1.2.1 and learned from the

8
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E-i,, . . o !
k—f;” in Equation (2), the contribution of the electrons whose energy are higher
B

term”
than the Fermi energy are cancelled out by the electrons whose energy are lower than
the Fermi energy. For this reason, a great concentration difference between the electrons
whose energy are higher and lower than the Fermi energy is required for the high
absolute value of Seebeck coefficient. However, owing to the symmetry characteristic
of the Fermi window about the Fermi energy, the conditions for achieving high
electrical conductivity and absolute value of Seebeck coefficient are hard to meet
simultaneously.

Take n-type materials as examples, the schematic illustration is shown in Figure
1.7. First, we make an assumption that the energy-dependent mobility pu(E) is near
constant over energy. When the Fermi energy of a material is near the bottom of the
conduction band, only several free electrons exist inside the conduction band and are
able to make contributions to the electrical conductivity due to the low DOS near the
bottom of conduction band. However, the low symmetry of DOS near the bottom of
conduction band ensures a high absolute value of Seebeck coefficient. In contrast, the
number and the symmetry of DOS become higher when the Fermi level arises and goes
deep into the conduction band. Although a high electrical conductivity is achieved by

increasing the number of DOS, the high symmetry of DOS diminishes the absolute

value of Seebeck coefticient. Hence, only a few materials with a special DOS

9
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distribution or an energy-dependent mobility u(E) within the Fermi window are able to

address the trade-off issue of Seebeck coefficient and electrical conductivity.

|
f\— Fermi window
I

e Fermi Dirac distribution

1
| ~kgT

I(

Energy(a.u.)

Figure 1.6: Fermi window and Fermi-Dirac distribution.
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Figure 1.7: Tendency of Seebeck coefficient and electrical with regard to the location of
Fermi window.
1.2.3 Thermal conductivity of materials

The thermal conductivity is a parameter to describe the ability of thermal energy
transmitting through materials by the heat carriers. Typically, the thermal conductivity
of a material is made up of two parts, one is the contribution from the charged carriers,
1.e. electrons or holes, and the other is attributed to the phonons, i.e. lattice vibration.
Mathematically, the thermal conductivity of a material can be expressed as Kiorqr =
Ker + Kpp. The contribution of each parts to thermal conductivity is shown in Figure
1.8.

For the contribution from electrons, it is proportional to the product of the

electrical conductivity and the absolute temperature, which can be described by

11
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Wiedemann—Franz law, i.e. k., = oLT, the proportional constant L is known as Lorenz
constant and equals to 2.44 x 10~8 WQK 2. For materials with high electrical
conductivities, such as metals and heavily doped semiconductors, k,; dominates the
thermal conductivities of those materials. However, it shows little effect on typical
semiconductors and is even negligible in insulators.

In the materials, the atoms vibrate around their equilibrium position as long as
T # 0 K. The vibration of an atom couples with that of neighbor atoms strongly,
forming the lattice vibration, which is the sum of vibrations form those atoms and is
characterized by a standing wave. Next, the quantized lattice vibrations are known as
“phonons”, which are quasiparticles. The process of transporting thermal energy can be
viewed as the transmission of the phonons from one side to the other side through
materials. In the following, the factors influencing the transportation of phonons are
introduced:

(1) Weight of atoms: Be analogues to classical harmonic oscillator, vibration
frequency reduces when the weight of atoms raises. For this reason, it reduces
the transmission speed of phonon, and then reduces the thermal conductivities
of materials.

(2) Microstructure and type of bonds: With the loose bonds between atoms and the

disordered microstructure, i.e. amorphous, the vibration of an atom weakly

12
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couples with those of neighbor atoms. For this reason, phonons are hard to

propagate inside materials.

(3) Phonon scattering: When phonons encounter the scattering centers (e.g.

dopants, dislocation, grain boundary, mass difference interfaces) during

transmitting, the transmitting direction of phonons changes. Hence the

transmission of phonons is impeded as long as phonon the scattering centers

exist inside the materials. Depending of the type and the characteristic, the

scattering centers can be categorized into phonon-phonon scattering, impurity

scattering, boundary (or interface) scattering and phonon-electron scattering.

13
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1.2.4 The figure of merit, ZT

The figure of merit of the thermoelectric materials is described as ZT = SZTG T.
From the above introduction, we can realize that the high absolute value of Seebeck
coefficient, the high electrical conductivity and the low thermal conductivity are
required for achieving high ZT. A high absolute value of Seebeck coefficient ensures a
large outputting EMF; a high electrical conductivity guarantees a low energy dissipation
as Joule heating; a low thermal conductivity ensures a high and consistent temperature
difference. Normally, power factor, i.e. S%a, represents the figure of merit in the
electrical part and can be tuned by doping. Form the calculation by G. Jeffrey Snyder
and Eric S. Toberer, it showed that the good thermoelectric materials are typically the
heavily doped semiconductors with a carrier concentration between 10'° and 10?°

carriers per cm’. The schematic illustration of optimizing ZT through carrier

concentration tuning is shown in Figure 1.9.

14
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1.3 Thermoelectricity in thin films
1.3.1 Size effect

In the past decades, the progress of increasing the ZT of the thermoelectric
materials was retarded owing to the interdependence of each parameter. As mentioned
in section 1.2.1 and 1.2.2, if we enhance the electrical conductivity by doping, the
suppression of the absolute value of Seebeck coefficient is accompanied; besides, the
thermal conductivity also increases due to the contribution from increasing k,;. From
this reason, ZT may decrease unexpectedly.

However, the emerging nanotechnologies offer opportunities to break through the
current predicaments. By reducing the dimension of the materials, it shows a great
potential to overcome the difficulty of the interdependence of parameters®. Since it is
able to engineer the density of states for electrons straightforwardly without changing
the composition elements. For example, it may destroy the high symmetric
characteristic of DOS in the Fermi window while the Fermi level goes deep into the
conduction band, but still offers amounts of DOS. In this case, the high absolute value
of Seebeck coefficient and the high electrical conductivity are obtained in the meantime.
The schematic diagram of the density of states for electrons in different dimension
based on parabolic band structure is shown in Figure 1.10. Besides the benefits to

electrical performance, the size effect also increases a large number of boundary

16
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scatterings, which reduce thermal conductivity greatly, to reduce the thermal
conductivity. Overall, reducing the dimension of the materials is a promising way to

enhance the figure of merit of thermoelectric.

1.3.2 Superlattice(Nanolaminates)

Thanks to the emerging nanotechnology, we can not only reduce the dimension of
materials but also design and introduce some nanostructures into the materials, such as
nanoinclusions’ !2, nanopores'*>~'®. Among these novel nanostructures, the superlattice
(nanolaminates) shows a great ability to enhance the figure of merit, ZT'7 22,
Nanolaminates are referred to the materials whose structures are made up of several
kinds of base materials with different properties (e.g. composition elements, density,
hardness and thermal conductivity.) alternatively and periodically in nanoscale. If the
base materials are crystalline but in the different crystal structures, the nanolaminates
can also be called as the superlattice. However, these two terms can replace with each
other generally, so we use the term “superlattice” in this dissertation for convenience.

First, the complete and layered interfaces are able to suppress the thermal
conductivity more effectively compared to the random distributed heterogeneous

structure. As mentioned in section 1.2.3, the scattering centers inside materials retard

the transport of phonons. For superlattice, when the interfaces are perpendicular to the

17
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direction of heat transferring, the phonons with particular wavelength may undergo
destructive interference completely according to the period length of interfaces.
Consequently, the contribution to thermal conductivity of the phonons with particular
wavelength vanishes. Form this concept, we may filter out the phonons which offer
major contribution to thermal conductivity by tuning the periodicity of interfaces even
introducing multi-periodicity into the materials to reduce the thermal conductivity of
superlattice effectively.

Second, the superlattice also offers an unparalleled way to overcome the
entanglement of the electrical conductivity and the absolute value of Seebeck
coefficient. Energy filtering effect, which can block the transmission of low energy
carriers, occurs at the interfaces of two materials with the diverse transportation
characteristic of charged carriers?®?’. The schematic diagram of energy filtering effect
is shown in Figure 1.11. Once again, the reduction of the absolute value of Seebeck
coefficient is accompanied with the enhancement of electrical conductivity via doping,
which makes the Fermi level goes deep into the conduction band for n-type materials.
However, if the energy barriers are placed along the transmitting direction of charged
carriers, the low energy carriers no longer make contribution to the electrical
conductivity and Seebeck coefficient. Though the enhancement of electrical

conductivity is suppressed slightly, great mounts of carriers with energy higher than the

18
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Fermi level still make positive contributions to Seebeck coefticient. For this reason the
enhancements of the electrical conductivity and the absolute value of Seebeck
coefficient are obtained in the meanwhile. Owing to these advantages, the superlattice

becomes the new paradigms in developing high ZT thermoelectric materials.

1.3.3 Advantages of thin film thermoelectric materials

As the growing usage of personal portable devices, the management and the
recycling of waste heat in the ever-shrinking electronic devices have drawn much
attentions nowadays. However, as the high performance bulk type thermoelectric
materials are no longer suitable for the use in portable devices owing to the limited
shape characteristic?®>!. Therefore, the developments of nanoscale thermoelectric
materials are demanded urgently. After years of effort, the progress in nanoscale
thermoelectric materials has been made.

In the current results, nanowires>> >

and quantum-dots?!*¢-° thermoelectric
materials show excellent characteristics. Nevertheless, the packing density and the
binding materials which provide the electrical conducting pathways and the mechanical

strength still have to be taken into consideration in practical use. For this reason, the

usages of extra materials and process are necessary to fabricate thermoelectric devices.
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Hence, the usages of nanowire type and quantum-dot type thermoelectric materials to

recycle the waste heat or cool the system increase the difficulty and complexity of the

microminiaturized electronic device process.

On the other hand, the thin films thermoelectric materials, which also show

promoted thermoelectric properties, are physically continuous and thus the complete

materials, so the supporting materials are no longer required. In addition, the thin film

deposition process are already utilized in the current semiconductor industry

extensively. Thus, the thin film thermoelectric materials are the best type of

nanomaterials to recycle the waste heat and cool the system in microminiaturized

electronic device. Among the current thin film deposition techniques, atomic layer

deposition (ALD) shows a great potential for developing high performance thin film

thermoelectric materials, since ALD is the emerging thin film deposition technique in

semiconductor industry and possesses unparalleled the precise control over thickness

and composition. These advantageous ensure the feasibility in practical use and the

capability to fine tune the properties of deposited thin films.
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Figure 1.11: The schematic diagram of energy filtering effect in superlattice.

21

d0i:10.6342/NTU202000015



1.4 Fundamental of atomic layer deposition and its advantages of
depositing thin film thermoelectric materials
1.4.1 Atomic layer deposition(ALD)

Atomic layer deposition, which is a unique type of chemical vapor deposition
(CVD), has drawn much attention in the recent years owing to its unique self-limiting
growth characteristic. It utilizes two sequential self-limiting surface reactions between
the vapors of precursors and the surface functional groups to deposit thin films. Take the
deposition of Al203 as an example, the schematic illustration of film-growth mechanism
is shown in Figure 1.12. The reaction steps are described as below:

(1) Trimethylaluminum, TMA, is introduced into reaction chamber and then

reacts with the hydroxyl groups on the surface of substrate.

(2) The physisorbed TMA and the reaction byproducts, i.e. methane, are removed

during N2 purge step.

(3) H20 is introduced into reaction chamber and then reacts with the surface

methyl groups.

(4) Once again, the physisorbed H20 and the reaction byproducts are then

removed during N2 purge step.

The TMA dose - N2 purge - H20 dose — N2 purge, these four steps are called as

one cycle of ALD Al2O3 growth, which can form about 1 angstrom Al203. For growing

22
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AL0O3 thin films, the reaction cycles are repeated until the desired thickness of Al2O3 are
deposited.

Self-limiting, the unique characteristic of ALD reaction, makes the growth rate per
cycle unchanged while increasing the dose amount of precursors and prolonging the
purge time. This characteristic ensures following advantages: the defect-free deposition,
the complete and uniform coverage over the surface with a high aspect ratio surface
feature, the precise control over the film thickness and the elemental composition*.

Besides the selection of precursors, the deposition temperature also plays an
important role to achieve self-limiting characteristic in ALD process. Since ALD growth
only occurs within a particular temperature window (ALD window). The illustration of
the dependence of growth rate per cycle on the temperature is shown in Figure 1.13.
When the temperature is below ALD window, there are two situations. One is that the
precursors may condense on the surface easily, and then it causes a higher growth rate
per cycle. The other one is that reactions between the precursor and the surface
functional groups are limited by the low kinetic energy, and then it cause a lower growth
rate per cycle. On the other hand, when the temperature is above ALD window, there are
also two situations. The first one is that the precursors may thermally decompose and
the undesired reactions occurs, which raise growth rate per cycle. The second one is that

the chemisorbed precursors tend to desorb form the surface, and then the lower growth
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rate per cycle is obtained.

After years of effort, the deposition of various materials by ALD technique (e.g.

41-43 4446 47,48

metal oxide*' 3, metal nitride**®, metal sulfide*’*!, pure metal*®) have been
demonstrated, and these thin films are successfully applied to varied applications, such

as electronics, optoelectronics and biomedicine.

1.4.2 Molecular layer deposition(MLD)

Molecular layer deposition is a unique type of ALD. For traditional ALD, it
focuses on the deposition of inorganic materials. However, MLD is referred to the
deposition of pure organic polymers or organic-inorganic hybrid materials. Similar to
ALD, MLD is also composed of two sequential self-limiting reactions. The deposition
of pure organic polymers (e.g. polyamide, polyester and polyimide) have been
extensively studied®*>*. Here, we take the deposition of polyester as an example to
illustrate the growth mechanism. The schematic illustration is shown in Figure 1.14. In
the first step, multifunctional carboxylic acid is introduced into the reaction chamber
and then reacts with the surface hydroxyl groups. In the following N2 purge step, the
excess unreacted monomers and the reaction byproducts are removed. Next, polyol is

introduced and reacts with the surface carboxyl groups. In the last step, N2 purge the
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surface to remove the excess unreacted polyol and the reaction byproducts. These four
steps compose one cycle of MLD polyester growth.

As mentioned before, MLD is also developed to deposit organic-inorganic hybrid
materials. The most iconic one is metalcone® . Take the deposition of alucone as an
example, the reaction mechanism is almost as the same as the one of ALD Al2O3, the
only one difference is that the polyol substitutes for H20 to reaction with the surface
methyl groups and offers the surface hydroxyl groups. After cycles of MLD alucone
deposition, organic-inorganic hybrid material with special linkage\éA'/O\R/o% is
formed.

From the aspect of the growth mechanism, ALD and MLD are compatible to each
other by selecting particular precursors with proper functional groups. Owing to the
great control of composition, i.e. ratio of organic parts to inorganic parts, the
combination of ALD and MLD techniques is not only simplify the manufacturing
process of organic-inorganic multilayer hybrid materials but also able to fine tune the
characteristics (e.g. hardness, refractive index, gas permeability and thermal
conductivity) of the deposited hybrid materials>®¢!. The detailed introduction to
applications of ALD/MLD superlattices (or nanolaminates) other than thermoelectric

are stated in section 1.6.
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1.4.3 Advantages of ALD on depositing thin film thermoelectric

materials

As mentioned in section 1.2.4, the doping is a general technique to enhance the
electrical conductivity of a semiconductor. However, a precise control of doping level is
required to find out the best combination of electrical conductivity and Seebeck
coefficient, which offers the highest power factor (PF), i.e. ¢ X S2. Thanks to the layer-
by-layer growth in atomic scale, ALD technique offers an unparalleled precise control
of element concentrations, which is able to fine tune electrical conductivity, over other
thin film deposition techniques. In addition, the layered and complete host-guest
heterogeneous interfaces inside the superlattice are believed to impede the transport of
phonons in materials effectively due to the severe phonon scatterings which are resulted
from the phonon transportation property difference between the host material and the
guest material (e.g. density, vibrational constant and coordination). Hence, the thermal
conductivity of a material with the layered distribution of guest material decreases more
drastically compared with the one with random distribution. Moreover, the ability to
fine tune the thickness of entire film and basis materials is able to bring the size effect
and the energy filtering effect into full play. Besides, attributed to the fine integration of
ALD and MLD deposition process, the novel organic-inorganic superlattices are able to

be deposited, and thus thermoelectric properties of them can be explored. With these
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advantages, ALD and MLD are the promising techniques to develop the thin film

thermoelectric materials.
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Figure 1.12: The schematic illustration of ALD film growth mechanism.
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1.5 Literature review of thin film thermoelectric materials deposited
by ALD
To date, the depositions of several traditional bulk type thermoelectric materials
by ALD have been successfully demonstrated. Bi2Tes/SbaTes superlattices were

1‘62

deposited by Nminibapiel et al.”” The deposition of PbTe/PbSe superlattice was reported

1.63

by Zhang et al.®” and Sarnet et al. also demonstrated the deposition of Bi2Tes by the

usage of the novel synthesized in-house precursor (Et3Si)2Se®*. Recently, Bi2S3 was also

deposited by Mahuli et al®

. However, few selections of precursors suppress the
tunability of process, and then make it hard to fine tune the properties of materials.
Moreover, the low reactivity (e.g. BiCls and SbCl3) and the low volatility (e.g.
lead(Il)bis(2,2,6,6-tetramethyl- 3,5-heptanedionato), Pb(C11H1902)2 and bismuth(I1I)
bis(2,2,6,6-tetramethylheptane-3,5-dionate), Bi(thd)3) precursors also reduce the
robustness and reproducibility of the ALD processes. Besides, the traditional bulk type
thermoelectric materials are disputed owing to containing scarce and toxic elements.
Therefore, the traditional bulk type materials are not able to exert the potential of ALD
(e.g. fine tune the electrical conductivity via doping process and the period length of
superlattice) and then are used as next the generation thin film thermoelectric materials.

Hence, it is important to choose a robust test-vehicle material to verify the advantages

of ALD in developing thin film thermoelectric materials systematically.
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ZnO (zinc oxide), which is earth abundant, environmental friendly, suitable band
gap and crystal structure (direct band gap ~3.3ev at 300K and hexagonal wrutize
structure), has been considered to be the next generation thermoelectric material. The
thermoelectric properties of ZnO fabricated by traditional ways (e.g. sputtering, sol-gel
and powder sintering) have been extensively studied. Moreover, its ALD process is
already well established and applied to varied applications, such as thin-film

6869 gas sensor’®’!, the electron

transistors®®¢’, transparent conducting oxide
transporting layers in OPVs’>73, Hence, ZnO is promising in demonstrating the
capability of ALD in the thin film thermoelectric materials. The Table 1.1 summarizes
the current progress in ALD ZnO thin film thermoelectric materials. Among the current
results, Gallium showed best doping efficiency, the electrical conductivity after doping
was promoted to 1808 S/cm at 1% Ga doping concentration. For enhancing the absolute
value of Seebeck coefficient, organic-inorganic superlattice, i.e. 4,4'-
Oxydianiline(ODA)/Zn0O, deposited by ALD/MLD combination achieved the best
Seebeck coefficient, -220 uV/K. However, the thick Al203 dopant layers (0.82nm)

inserted into ZnO matrix suppressed the thermal conductivity and enhanced the ZT

value most effectively, the values are 0.26 W/m K and 0.14, respectively.
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Table 1.1: The current progress in ALD ZnO thin film thermoelectric materials.

Doping Electrical Seebeck Thermal 7T
Dopants ] o ) o Ref
concentration | conductivity | coefficient | conductivity | (300K)
(%) (S/cm) (LV/K) (W/m K)
Ga 1 1808 -60 N/A N/A 74
Al 2 107 -63 1.18 0.012 75
Al 2 278 -66 0.26 0.14 76
ODA/ 1.6/ -220/
2.5 N/A N/A 77
HQ/ 3.5/ -205/
AP 10 -160
Al & HQ 2 14.3 -200 N/A N/A 78
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1.6 Applications of ALD/MLD superlattices

As stated in section 1.4.2, the combination of ALD and MLD techniques possesses
a great control of the composition, structure of superlattice, so it is easy to fine tune the
characteristics of deposited superlattice materials, such as hardness, refractive index/
extinction coefficient, flexibility and conductivity. Therefore, there are plenty of
researches about the application of superlattices materials deposited by ALD/MLD
techniques, including Lithium-ion battery, filtration, gas separation, gas molecule
capture/release and optical fiber’*®. Here, we only focus on the following two

applications, flexible high performance gas barrier and nanoporous materials.

1.6.1 Flexible high performance gas barrier

In recent years, flexible/stretchable electronics have drawn much attention and
their potentials on a variety of applications have been demonstrated successfully, such
as wearable devices, artificial skins, diagnosis and therapy of movement disorders.
However, the commercialization of flexible/stretchable electronics is greatly hindered
by the lack of effective encapsulation with satisfying flexibility/stretchability. To
address this issue, our group have verified the feasibility of depositing superlattice-
based flexible high performance gas barrier through ALD/MLD techniques. In our

results, the inserted polymer, PA32 (Poly(imino-(1,3-dioxotrimethylene)-
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iminoethylene)) (the structure Figure 1.15), provided the flexibility and decoupled the
defects of inorganic parts, Al2O3 and/or HfO2, and thus the gas-barrier performance was
promoted by prolong the torturous paths of gases. The schematics of the torturous path
of inorganic-organic multilayer gas barrier is presented in Figure 1.16. Under the
optimal structure, the WVTR (water vapor transmission rate) was ~10° g m day™,
which meets the requirement of encapsulation of OLED, even with 10% strain. For the

detailed results, they can be seen in the doctoral dissertation of Ming-Hung Tseng, Ph.D.

—O0O
O—O

H
N C
//\/\N/\/\\
H

Figure 1.15: The structure of PA32.
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Figure 1.16: The schematics of torturous path of inorganic-organic multilayer gas

barrier.
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1.6.2 Nanoporous materials

In the past, the fabrication of nanoporous materials, such as zeolite and metal
organic framework, required a series of chemical reactions with delicate and precision
control; hence the practicality is greatly limited. Luckily, the evolution of ALD/MLD
superlattice provides a novel route to fabricate nanoporous materials, whose pore size is
smaller than 1 nm especially. To form nanoporous materials, the metalcone-type
superlattice films, including alucone, zincone, titanicone, are post-annealed in oxygen
contained atmosphere at an elevated temperature (above 400°C) to eliminate the carbon-
segments, thus the nanoscale pores are obtained with varied metal oxide scaffolds based
on the selected metalcone. On the other hand, the conductive-carbon contained metal
oxide is obtained by annealing the deposited superlattice films in the inert atmosphere.
The schematic illustration of the evolution of ALD/MLD superlattice after post-
annealing in various atmosphere is shown in Figure 1.177°. In the process of forming
nanoporous materials, the pore size and porosity are determined by the thickness (chain
length) and periodicity of organic segments. Therefore, these properties can be fine-
tuned by selecting a proper organic precursor and designing a certain structure of
superlattice. The tunability of pore size is presented in Figure 1.18 by the integrating the
researches done by Liang et al®®*’. So far, the resulted nanoporous materials with varied

pore size have been utilized in a variety of researches, e.g. the ion-conductive protection
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layer of electrode in Lithium-ion battery, the molecular sieve in gas separation and

filtration of organic molecules, stabilizer for enhancing Pt ORR performance and the

controlled release of molecules.

Hybrid Organic-Inorganic
MLD Films

AT, Argon / \ﬁT, 0,

Metal Oxide/Carbon Porous Metal
Composite Films Oxide Films

Figure 1.17: The schematic illustration of the evolution of ALD/MLD superlattice after

post-annealing in various atmosphere.
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Figure 1.18: The tunability of pore size resulted from ALD/MLD superlattice.

35

doi:10.6342/NTU202000015



1.7 Motivation and objective statements

As mentioned in section 1.3.3., the demand of thin film thermoelectric materials
is called for owing to the growing attention in the waste heat recycling and the cooling
system in personal portable devices. Thanks to the advantages, such as the precise
control over the thickness and the composition of thin films, the conformal coverage
over large area substrates with high ratio surface features, ALD is the best technique to
deposit the high performance thin film thermoelectric materials.

To date, the progress of ALD ZnO-based thin film thermoelectric materials has
been made significantly. By fine tuning the thickness of Al dopant layers, the ZT value
of has been enhanced by almost two orders of magnitude, i.e. 0.0015 to 0.14. However,
from Table 1.1, we can discover that only few kinds of dopants were utilized in current
researches, e.g. Al and Ga. Also, only single periodicity of superlattice was designed to
reduce the thermal conductivity of materials via interface scattering in each research.
Moreover, the organic insertions were limited to monolayers formed by benzene ring
contained molecules which are almost insulation, so the current ALD/MLD organic-
inorganic superlattices showed the terrible electrical conductivities. Hence, more
detailed and fundamental researches have to be done in order to verify the feasibility
and show the advantages of ALD technique in developing the high performance thin

film thermoelectric materials. The researches include the type of dopants and the
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formed interface, the dependence of thermal conductivity on interface period length,

and development of nanoscale conducting polymers and their superlattice with

inorganic materials.

As for the flexible high performance gas barrier, although the superlattice, which

was composed of HfO2 and PA32, showed an unprecedented gas barrier performance, it

still suffered from the issue of the long term stability due to the hydrolysis of PA32;

hence, the performance decayed with the time exposed to water. To address this issue,

the development of anti-hydrolysis polymers as the substitutions for PA32 in the

deposition of superlattice is crucial to improve the long term stability of superlattice.

Regarding the progression of nanoporous materials, the way to eliminate organic

component was post-annealing at an elevated temperature, basically above 400°C.

Therefore, it is hard to use with the flexible polymer-based substrates and/or integrate

with other organic-based devices since the elevated annealing temperature can also

pyrolyze them. Hence, the exploration of the low-temperature pyrolysis process of

metalcone superlattices can enhance the practicability of metalcone-resulted nanoporous

materials.

In this dissertation, our objectives focus on the following four exploratory studies

to improve the performance of superlattice thermoelectric materials, ALD/MLD gas

barrier.
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(1) Study of the effects of composition and structure on the thermoelectric properties
of metal oxide superlattice thin films.

(2) Study of the effects of incorporating O'® isotope into the metal oxide superlattice
on its thermoelectric properties.

(3) Development of novel MLD conducting polymers and their superlattice with metal
oxide semiconductors.

(4) Development of anti-hydrolysis polymers by MLD technique and the fabrication of
long-term stable gas barrier composed of metal oxide and anti-hydrolysis

polymers.
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1.8 Research approach
1.8.1 High valence and high atomic weight metal ion doping

Typically, the doping of metal oxide is conducted by introducing guest ions
(dopants) which are aliovalent to replace the cations or anions in the host materials. In
ALD technique, the guest oxide layers, in which metal ions are aliovalent compared
with the ones in host materials, are periodically inserted into the host metal oxide to
offer dopant ions. Take Al doped ZnO (Al:ZnO) as an example, Al2O3 guest layers were
periodically inserted into ZnO host layers by alternating one Al2O3 cycle with a number
of ZnO cycles. In this case, since the valence of dopants, i.e. AI**, is higher than that of
Zn*", the free electrons, which are able to make contributions to conducting, were
created at the interface of Al203 and ZnO; hence the n-type doping was achieved. In
addition to inducing free electrical carriers, the insertion of guest layers created a
number of host/guest interfaces periodically which can also serve as the phonon
scattering centers to reduce the thermal conductivity of Al:ZnO by increasing interfacial
scattering.

As listed in Table 1.1, the current ALD researches about thermoelectric properties
of doped ZnO thin films focused on the usage of boron-group metal oxides, i.e. Al2O3
and Gax0s, as inserted guest layers to arrive at n-type doping and reduce thermal

conductivities by increasing interfacial scattering. However, based on the concept of
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aliovalent doping, the usage of much higher valent metal ions as dopants is able to
create more free electrons potentially. Besides, the effect of interface scattering on
phonons can be enhanced by increasing the mass difference across the interface. Hence,
in order to obtain these two advantages, we target on the IVB group metal ions doped
ZnO to study the influence of the high valence and high atomic weight metal ion
dopants on the thermoelectric properties. Because IVB group metals, i.e. titanium (Ti),
zirconium (Zr) and hatnium (Hf), are tetravalent in compounds generally, they are able
to donate more electrons compared to the boron group metal ions. Furthermore, Zr and
Hf are much heavier than Zn, so we can systematically investigate the effect of mass
difference between dopants and the host material on suppressing the thermal

conductivity.

1.8.2 Isotope superlattice

In the past, the ways to modify the thermal conductivity of materials, such as
morphology control, tuning element composition, crystallinity and introduction of
micro/nano-structure into matrix material, influenced the electrical conductivity in the
meanwhile. Typically, the damage to electrical conductivity is accompanied with
reduction of thermal conductivity through above ways. Luckily, isotopically

composition modifying hews out a new way to overcome the dilemma. Isotopes, the
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atoms only differ in numbers of neutron, show almost the same chemical and electrical
properties; thus, the incorporation of isotopes into the host materials causes nearly no
influence on the electrical performance. However, the mass difference changes the
vibration frequency of atoms and then affects the transport properties of phonons.
Nowadays, the researches about the effect of isotopically modification on the
thermal conductivity and the thermoelectricity were almost limited to elementary
substances, e.g. graphene, carbon nanotube, silicon nanowire and lithium rod®-*".
Hence, the isotope effect in multi-element compound is still under investigation. In this
study, we use oxygen-18, which is the heaviest stable isotope of oxygen, to deposit the
isotope-containing ZnO, and then experimentally verify the effect of the concentration
of isotope and the period length of superlattice on suppressing the thermal conductivity

of doped ZnO while remaining the optimal electrical performance developed by

aliovalent doping.

1.8.3 Novel MLD conducting polymer development and the metal
oxide/polymer superlattice deposition
In tradition, conducting polymer thin films were fabricated by solution processes,
such as typical chemical synthesis, spin coating and electrochemical polymerization.

However, the usage of solvents has to be considered in various applications owing to the
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costs and toxicity. Besides, the solvent residue and orthogonality are also important
concerns while fabricating organic based devices. Therefore, the vapor phase synthesis
and deposition, which are able to overcome these problems, have drawn much
attention®?. Thanks to the promoted monomer transport on the growth surface, the
conducting polymer thin films prepared by vapor processes, such as vapor phase
polymerization (VPP) and oxidative chemical vapor deposition (0CVD), are more
crystalline and show a higher electrical conductivity®>%4,

Recently, Parsons et al. successfully demonstrated the deposition of poly (3, 4-
ethylenedioxythiophene) (PEDOT) via oxidative molecular layer deposition technique
(oMLD) using 3, 4-ethylenedioxythiophene (EDOT) as a monomer and molybdenum
pentachloride (MoCls) as an oxidant®. The reaction mechanism is shown in Figure
1.19. In their results, deposited PEDOT films were coated on nanostructure features
(e.g. silica fiber and nanoporous ITO) with precise control of thickness, which is about
20 nm, and the highest electrical conductivity exceeded 3000 S cm™'.

Nonetheless, the high condensability of MoCls (mp: 194°C; bp: 268°C) may cause
the considerable variation during process. Thus, the explorations of oxidants with
adequate volatility are required to build up a robust and high reproducibility MLD

process. In this study, we use two novel oxidants, i.e. SbCls and VOClI3, and then follow

the similar reaction mechanism to set up versatile MLD conducting polymer deposition
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process, such as polythiophene, polyaniline, and robust PEDOT process. After setting
up the robust MLD conducting polymer process, we incorporate the MLD conducting

polymer with the doped ZnO we developed in previous researches to deposit the metal

oxide/polymer superlattices for investigating the dependence of the composition and the

structure of superlattice on the thermoelectric properties
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Figure 1.19: The reaction mechanism of MLD PEDOT??

1.8.4 Anti-hydrolysis polymer development

In our previous work, the polymer we utilized in the deposition of superlattice

PA32, suffered from the serious hydrolysis under humid conditions due to the following
reasons. One is that the polymer was easily decomposed into oligomers with amine

and/or carboxylic acid groups due to the high hydrolysis rate constant of amide bonds

on PA32. The other is that the main chain of PA32 was composed of short aliphatic
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components, which are non-hydrophobic. Therefore, water molecules are able to absorb

onto the polymer chain easily and then induce the hydrolysis reaction of deposited

polymers. For these two reasons, the gas barrier performance of HfO2/PA32 superlattice

decayed with time.

To address this issue, two approaches are proposed in this dissertation. The first

one is to develop the deposition of polymers with a relatively low hydrolysis reaction

rate constant. For convenience, we choose a versatile and commonly used polymer,

polyester, to verify the concept in our proposal. In this study, we control the structure of

main chain while substituting the functional group only. The second approach is

maintaining the functional group but modifying the main chain of PA32, such as the

introduction of aromatic component and/or long alkyl chains, to enhance the

hydrophobicity of polyamide and prevent the occurrence of hydrolysis reaction. It is

noteworthy that the deposition temperature is set at 100~130°C, at which the gas barrier

performance of inorganic part, HfO2, was excellent. After the development of anti-

hydrolysis polymers, the superlattice gas barriers, which are made up of the alternating

of anti-hydrolysis polymers and HfOz, are deposited to verify the eftect of anti-

hydrolysis polymers on the long-term stability of high performance gas barrier.
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1.9 Dissertation Organization

The content in each chapter is summarized below:

In chapter 1, we introduce the fundamental of thermoelectric effect, the
thermoelectric in thin films, the basic of ALD and its progress on thermoelectricity;
besides, we also introduce the other applications of ALD-deposited superlattices. Next,
we state our research motivation and objectives and show the research approaches we
used in this dissertation.

In chapter 2, we state the experimental details in this dissertation, e.g. processing
equipment and parameters, and the measurement and analysis techniques.

In chapter 3, we focus on enhancing the thermoelectric performance of ZnO by
doping ZnO with dopants and forming ZnO inorganic superlattices. In this study, the
following topics are systematically investigated, including the selection of dopants, the
distribution patterns of doping layer, and the incorporation of isotopes.

In chapter 4, we seek to further enhance the thermoelectric performance of the
doped ZnO by the incorporation of conducting polymers to form the metal
oxide/polymer superlattice. Hence, the properties of novel MLD-deposited conducting
polymers we develop are stated first. Next, the essential of interface-engineering at
doped ZnO/polymer interfaces during depositing metal oxide/polymer superlattice is

discussed. Finally, the structure of doped ZnO/polymer superlattice, such as periodicity
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and thickness of each layer, 1 optimized to achieve the best thermoelectric performance.

In chapter 5, we state the progress of developing anti-hydrolysis polymers by

MLD technique first, in which includes the deposition of polyester, hydrophobic

polyamide; besides, the performance of gas barrier with anti-hydrolysis polymer is

presented also.

In chapter 6, the conclusion of the dissertation is stated.
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Chapter 2

Experimental methods
2.1 Equipment and experiment details
2.1.1 ALD and MLD deposition systems

In this study, a commercial ALD system (Cambridge NanoTech Savannah 100)
was utilized to deposit metal ion doped ZnO and isotope incorporated ZnO thin films.
For MLD conducting polymer thin films and metal oxide/polymer superlattice, they
were deposited by a home-made system with similar configuration to Savannah 100.
For ALD system and MLD system, the camber pressures were kept around 0.1 Torr and
0.3 Torr, respectively, with both constant 20 sccm high-purity N2 gas flow throughout
process. Precursors were introduced and purged with the assistance of N2 flow gas.

As for the sample preparations, alkali-free glass and silicon wafer were utilized as
substrates. The substrates were ultrasonically cleaned for 10 minutes in each of the
following baths in order: acetone, methanol, isopropanol and deionized water. Before
ALD or MLD deposition process, substrates are dried by N2 blow and then were treated
with an oxygen plasma treatment in a plasma cleaner (Harrick Scientific, Model PDC-
32G, USA) for 5 minutes to remove residual surface contamination and increase surface

hydroxyl groups for ALD nucleation.
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2.1.2 Conventional and mixed ALD metal ion doping process

In this study, the precursors we utilized to deposit ZnO thin films were diethyl
zinc (DEZn, purchased from Sigma-Aldrich with 97% purity) and deionized water
(H20). About metal ion dopants, for controlling the reactivity of precursor, we used the
organometallic compounds with same functional groups as precursors, i.e.
tetrakis(dimethylamido)titanium (TDMATi, purchased from Sigma-Aldrich with =
99.99% purity), tetrakis(dimethylamido)zirconium (TDMAZr, purchased from Sigma-
Aldrich with =99.99% purity) and tetrakis(dimethylamido)hafnium (TDMAH(,
purchased from Sigma-Aldrich with =99.99% purity) were the source of Ti, Zr and Hf,
respectively. Also, all the organometallic compound precursors were used as received.
During deposition processes, DEZn and deionized water were kept at room temperature;
however, TDMATi, TDMAZr and TDMAHT were heated to 75°C for acquiring
sufficient vapor pressure. Besides, the deposition temperature was set at 150°C, which
is a normal ALD ZnO process temperature. The ALD cycle settings including precursor
pulse time, precursor soaking time and N2 purge time are listed in Table 2.1, Table 2.2
and Table 2.3. All the samples were composed of around 500 cycles of deposition. As
for the nomenclature, doped ZnO with 49 cycles of ZnO and 1 cycle of conventional
process HfOz layer is called as con 49:1 Hf:ZnO. In contrast, the one with 24 cycles of

Zn0O and 1 cycle of mixed ALD doping process is called as mix 24:1 Hf:ZnO.
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Table 2.1: ALD parameters of depositing undoped ZnO.

Precursors Pulse Soaking Purge Cycles
time(s) time(s) time(s)
Nucleation DEZn 0.1 25 25 5
layer H20 0.1 25 25
ZnO DEZn 0.05 0 5 500
H20 0.03 0 5

Table 2.2: ALD parameters of depositing conventional process metal ion doped ZnO.

Precursors Pulse Soaking Purge Cycles
time(s) time(s) time(s)
Nucleation DeEZn 0.1 25 25 5
layer H20 0.1 25 25
Conventional DEZn 0.05 0 5 n | m(n+t1)~500
process H>O 0.03 0 5
TDMATi 0.1 0 8 1

/TDMAZr
/TDMAHTf

H>O 0.03 0 5
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Table 2.3: ALD parameters of depositing mixed ALD doping process metal ion doped

ZnO.
Precursors Pulse Soaking Purge Cycles
time(s) time(s) time(s)
Nucleation DEZn 0.1 25 25 5
layer H20 0.1 25 25
Mixed DEZn 0.05 0 5 m(n+1)~500
ALD H20 0.03 0 5
doping DEZn+ 0.05+0.1 0 15
process TDMATi
/TDMAZr
/TDMAHTf
H20 0.03 0 5
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2.1.3 Oxygen isotope incorporated superlattice

For the deposition of oxygen isotope incorporated superlattice, H2'%0 (water-'30
with 97 atom% 'O was purchased from Sigma-Aldrich and used as received) and was
utilized as the source of oxygen isotope. As same as the normal H20, H2'%0 is still ease
to volatilize at room temperature, so the pulse time of H2'%0 was set at 0.03s, which was
close to the lower limit pulse time of our system for all process. However, prolonged
purge time was required to remove excess physisorbed H2'*0 molecules owing to
slightly low vapor pressure compared to normal H20. For convenience, we prolonged

the purge time from 5s to 8s arbitrarily.
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2.1.4 MLD conducting polymer process

About development of novel MLD conducting polymers, the oxidants we selected
were vanadium oxychloride (VOCl3) (mp:-77°C; bp:126°C)and antimony chloride
(SbCls) (mp:2.8°C; bp:90°C), which are both much volatile than molybdenum
pentachloride (MoCls) (mp: 194°C; bp: 268°C). As for monomers, we used thiophene,
aniline and 3, 4-ethylenedioxythiophene (EDOT) to deposit polythiophene, polyaniline
and PEDOT, respectively. All the precursor were used as received and purchased from
Sigma-Aldrich with =99% purity except for EDOT whose purity was 97%. The
temperature of each precursor and the setting parameters for depositing polythiophene,
polyaniline and PEDOT are summarized in Table 2.4, Table 2.5 and Table 2.6,
respectively. With regard to the deposition temperature, the chamber temperature was
set at 150°C to match up the ALD doped ZnO deposition process for developing metal

oxide/polymer superlattice.
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Table 2.4: MLD parameters of depositing polythiophene.

Precursor | Temperature Pulse time Soaking time Purge time
(§®) (s) (s) (s)
VOCIs3 RT 0.1 3/5 8
thiophene RT 0.1 3/5 8
Table 2.5: MLD parameters of depositing polyaniline.
Temperature | Pulse time | Soaking time | Purge time
Precursor o
°C) ©) ©) (s)
VOCIs VOCIs RT 0.1 3/5 8
system | Aniline 55/65 0.1 3/5 13
SbCls SbCls 75/85/95 0.1 5 13
system | Aniline 65 0.1 5 13
Table 2.6: MLD parameters of depositing PEDOT.
Temperature Pulse time Soaking time Purge time
Precursor o
°C) (s) (s) (s)
SbCls 75 0.1 10 20
EDOT 80 0.1 10 20
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2.1.5 Anti-hydrolysis polymers and metalcone process

In the development of anti-hydrolysis polymers deposited by MLD technique,
malonyl chloride (MC, purchased from Sigma-Aldrich with =97% purity) and
ethylene glycol anhydrous (EG,=99.8% purity) were utilized as the monomers to
deposit polyester thin films. The detailed deposition parameters of polyester are listed in
Table 2.7. As for the deposition of polyamide thin films, three combinations were tried:
malonyl chloride and piperazine (=99% purity); malonyl chloride and 1,8-
diaminooctane (= 98% purity); terephthaloyl chloride (TC, =99% purity) and
ethylenediamine (ED, =99% purity). The detailed deposition parameters of polyamide
are presented in Table 2.8. Regarding the deposition of metalcone films (alucone we
deposited only), the precursors were trimethylaluminum (TMA, with =99.99% purity)
and EG. The detailed parameters are summarized in Table 2.9. It is noteworthy that all

precursors were purchased from Sigma-Aldrich and utilized as received.
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Table 2.7 MLD parameters of depositing polyester.

Temperature Pulse time Soaking time Purge time
Precursor o
O (s) (s) (s)
MC RT 0.5 0 25
EG 100 0.02~0.15 0/5 90

Table 2.8: MLD parameters of depositing polyamides.

Temperature | Pulse time | Soaking time | Purge time
Precursor o
O ) ©) ©)
Type MC RT 0.5 0 25
1 piperazine 85 0.5 0 90
Type MC RT 0.5 0 240
2 1,8-diaminooctane 90 0.03 0 300
Type TC 120 0.5 0 120
3 ED RT 0.25 0 90
Table 2.9: MLD parameters of depositing alucone at 105°C.
Temperature Pulse time Soaking time Purge time
Precursor o

(O (s) (s) (s)

T™MA RT 0.02 0 30

EG 100 0.02 0/5/15 90
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2.2 Thin film characteristics analysis
2.2.1 Measurements of electrical conductivity and Seebeck coefficient
The electrical conductivity, carrier concentration and carrier mobility of the
deposited films were determined by Hall effect system (ECOPIA HMS-3000, USA).
The design of system is based on Van der Pauw four-point probes method. As for
Seebeck coefficient, a home-made system was set up to conduct the measurement. The
scheme illustration of home-made system is shown in Figure 2.1. The system was
composed of a thermoelectric heating apparatus with a controllable power supply
PROVAS000 (TES, Taiwan) to adjust output power and create consistent temperature
gradient, and two type-T thermocouples which were connected to the data acquisition
switch unit (Keysight 34970A, USA) to measure the temperature at the two ends of the
sample. Also, the copper wires of the thermocouples were utilized to measure the
electrical voltage between two ends by the data acquisition switch unit. The
measurement of Hall effect and Seebeck coefficient were conducted four times (i.e. four

sides or four corners) and then were averaged.
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thermocouple
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Figure 2.1: The scheme illustration of home-made system for measuring Seebeck

coefficient.

2.2.2 Measurement of thermal conductivity by the time-domain
thermoreflectance method (TDTR)

Time-domain thermoreflectance (TDTR) is an ultrafast optical pump-probe
technique. This method is conducted by using the output of a femtosecond, mode-
locked Ti:sapphire laser to heat the metal transducer film which is coated onto the
under-test material and probe the temperature evolution by measuring temperature-
dependence reflectance (thermoreflectance) of metal transducer film. Typically, the Al
film with ~80nm thickness is selected as metal transducer film owing to its great

thermoreflectance response at the wavelength of Ti:sapphire laser (~785nm). In this
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study, the coated Al films are deposited by thermal evaporation.

In measurements, the output of the Ti:sapphire laser is split into two beams, pump

beam and probe beam. The pump beam is modulated at 8.7 MHz by an electro-optical

modulator and the probe beam is mechanically chopped at around 200 Hz. Both beams

are focused on the Al film by an objective lens. The probe beam heats up the Al

transducer film and then the temperature change of Al films is detected as a function by

probe beam. Next, a Si photodiode and a radio-frequency lock-in amplifier are utilized

to measure the intensity variant of reflected probe beam caused by temperature-

dependence reflectance of Al film. The output signal V(t) is composed of two parts,

the in-phase component V;,(t) and the out-of-phase component V,,.(t), and can be

described as V(t) = V;,,(t) + iV, (t), where t is the delay time between two beams.

The thermal conductivity of materials can be determined by compared the measured

ratio V;y, (t)/V,,:(t) to the calculations from simulation of thermal transport in

samples. The multilayered structure used for simulation is shown in Figure 2.2 and one

of the determined thermal conductivity by matching the measured ratio and simulation

is shown in Figure 2.3. This set of measuring apparatus is supported by The Extreme

Conditions Laboratory at IES, Academia Sinica and the schematic layout can be seen in

Figure 2.4. The detailed description of thermal model used in simulation can be seen in

Ref %,
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In order to evaluate the uncertainty of obtained thermal conductivity, the
sensitivity parameters of each term utilized in simulation are calculated. The sensitivity
parameter is defined as: S, = %W, where V;,,/V,yy: is the ratio of measured
in-phase and out-of-phase voltages. a is one of parameters utilized in simulation, such
as thickness of Al, interface thermal conductance between Al film and under-test
material and thermal conductivity of under-test material. Figure 2.5 shows the
calculated S, for each parameters in simulation. Theoretically, the ratio Vi, /V,,;: is
more sensitive to the thermal conductivity of under-test material at 100 ps< ¢ < 500 ps.
Therefore, the influential parameters in our simulation are the thickness and heat
capacity of Al film, thickness of ALD deposited material and the interface thermal
conductance between ALD deposited material with Al film and Si substrate. Assuming

3% uncertainties of these influential parameters, the total error in simulated thermal

conductivity of ALD deposited material is ~7%.

Al

Interface

ALD deposited material

Interface

Si substrate

Not to scale

Figure 2.2: The multilayered structure used for simulation.
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Figure 2.3: The result of ZnO thermal conductivity by TDTR method.
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Schematics of the TDTR setup
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Figure 2.4: The schematic layout of TDTR apparatus.
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Figure 2.5: The calculated S, for each parameters in simulation.

2.2.3 Quartz crystal microbalance (QCM)

To monitor the surface reaction of precursors (e.g. adsorption and desorption)
during process in real time, ALD and MLD deposition systems are equipped with
customized in-situ QCM system. The QCM signals were recorded and analyzed by

STM-2 (INFICON, Switzerland).

2.2.4 Spectral characterization
As for the thickness and refractive index measurement of the inorganic ALD
films, they were determined by ellipsometry (Elli-SE-U, Ellipso Technology, Korea). In

order to compare the doping concentrations between conventional process and mixed

61

doi:10.6342/NTU202000015



ALD doping process, determining the composition of the deposited films was
conducted with X-ray photoelectron spectroscopy (XPS) by PHI 5000 VersaProbe
(ULVAC-PHI, Japan) using an Al Ka X-ray source. Before depth profile XPS
measurement, Ar’ sputtering pre-treatment was applied to remove surface
contamination. The element concentrations were determined by averaging the depth-
profiling results. For crystallinity and crystal structure, X-ray diffraction (XRD) patterns
were collected by Rigaku TTRAX3 X-ray diffractometer (Rigafu, Japan) with Cu Ka
radiation. The characteristic IR absorption peaks and the UV-Vis absorption of
deposited polymer films were collected by Perkinelmer spectrum 100 FT-IR operated in
transmission mode at 4 cm ™! resolution and Jasco V-770 UV-Visible/NIR

spectrophotometer with wavelength in the range of 200-1300 nm, respectively.

2.2.5 Transmission electron microscopy (TEM)

To clearly observe the microstructure of superlattices along the direction of film
growth, the cross-sectional TEM images were obtained by the field emission TEM,
JEOL 2010F system (JEOL, Japan). The preparation of the cross-sectional TEM
samples were implemented by Gatan Precision Ion Polishing System II, 695.B (Gatan,

USA).
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2.2.6 Micro-figure measurement (Alpha-step)

As for determining the thickness of MLD conducting polymer thin films, it is hard
to conduct by ellipsometry since the refractive indexes of deposited materials are
uncertain, which arises the uncertainty of the measured thickness. For this reason,
micro-figure measurement (MICROFIGURE MEASURING INSTRUMENT-
Surfcorder ET3000) was utilized to determine the thickness of deposited films. Before
measurement, we removed parts of the deposited films either physically or chemically
depending on the characteristic of the films. Hence, a sharp step was created and then

the height of the step, i.e. film thickness, was able to be measured.

2.2.7 Gas barrier performance measurements

In this dissertation, two types of measurements, water vapor transmission rate
(WVTR) and helium transmission rate (HeTR), were implemented. In the measurement
of WVTR, the gas barrier was deposited on a PI substrate (thickness=75 um) and then
the WVTR was measured by MOCON AQUATRAN Model 1 at 38°C and 100% RH.
As for the HeTR of the ALD/MLD deposited gas barrier with PI substrate, it was
measured by a home-made setup developed by our group with the helium leak detector
(Alcatel, ASM, 142Graph) as the helium sensor. For the detailed description of home-

made setup, it can be found in the doctoral dissertation of Ming-Hung Tseng, Ph.D.
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2.2.8 Thermogravimetric analysis (TGA)

To evaluate effect of low-temperature pyrolysis process we developed,
thermogravimetric analysis (TGA) was utilized to measure the weight of carbon-residue
inside the ALD/MLD deposited superlattice. In this measurement, it was conducted by
TA Instruments SDT-Q600 with a 100 sccm (standard cubic centimeter per minute) O2

flow.
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Chapter 3

Metal oxide superlattice
3.1 Selection of dopants

For verifying the effects of Ti, Zr and Hf doping on thermoelectric properties of
Zn0, we deposited four types of doped ZnO films by conventional process, i.e. con
49:1, con 24:1, con 19:1 and con 9:1 for each dopant, and the characteristics of them are
summarized in Table 3.1.

Starting with the carrier concentration, it is noteworthy that the carrier
concentration in Ti:ZnO system was higher than those in the other two systems. This
phenomenon could be originated from the actual dopant concentration and the distance
between ionized dopants. The elemental composition measured by XPS and calculated
atomic number density are listed in Table 3.2. Although we chose the precursors with
the same functional groups for Ti, Zr and Hf, the reactivity of these precursors were still
different owing to the formation energy difference of chemisorbed precursors. Because
the formation of a chemisorbed precursor involved breaking a metal/ligand bond within
precursor itself and then forming a metal/oxygen bond between precursor and surface
hydroxyl group. Therefore, the reactivity of a precursor might be described by the
difference between the bond energies (A BE) of metal/ligand and metal/oxygen. The

bond energy of each bond is shown in Table 3.3. It could be discovered that the actual
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dopant concentration indeed followed the trend of A BE, i.e. Hf > Zr > Ti, and so did
the number density of each dopant. Based on effective field theory, the close-packed
dopants are not able to donate free electrons freely owing to the Coulomb repulsion
force between adjacent ionized dopants®®°7%; thus, Ti:ZnO system had a higher doping
efficiency. As for the decreasing electrical mobility for all structures, it was attributed to
dopant scattering effect and the suppression of crystallinity. The XRD patterns of
undoped ZnO and all con 9:1 doped ZnO are shown in Figure 3.1. The reduction of
intensity for all peaks implies the suppression of crystallinity with the incorporation of
dopants. Especially, (002) peak, which is parallel to direction of film growth and
periodicity of dopants, decreases obviously and shifts to higher angle due to lattice
shrinkage in z-axis caused by the smaller ionic radius of dopants compared to Zn, which
are 56 pm, 73 pm, 72 pm and 74 pm for Ti, Zr, Hf and Zn, respectively. With great
radius difference, the degree of change in the diffraction pattern for Ti:ZnO was most
severe, so the electrical mobility reduced seriously as well. For the overall influence on
electrical conductivity, it could be found that the electrical conductivity rose as the
dopant concentration increased except for con 9:1 structure. Also, this result could be
explained by effective field theory. Therefore, the carrier concentration only rose
slightly even decrease when the concentration of dopant rose beyond a certain level,

such as con 9:1 Ti:ZnO.
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In the case of Seebeck coefficients, they basically followed Mott formula, which
states the trade-off characteristic of the absolute value of Seebeck coefficient and
electrical conductivity. Furthermore, it could be discovered that the Seebeck coefficient
was less sensitive to the electrical mobility than the carrier concentration by comparing
con 24:1 Zr:ZnO with con 19:1 Hf:ZnO and con 9:1 Ti:ZnO and con 9:1 Hf:ZnO.
Overall, the highest PF value occurred at con 49:1 structure in these three systems,
which was only slightly doped, the carrier concentration was around 10 X 101° and
the electrical mobility was maintained as high as possible.

Referring to thermal conductivity, we initially assumed that Hf:ZnO might has a
lower thermal conductivity attributed to the large mass difference. However, this
hypothesis only held for Zr:ZnO and Hf:ZnO. With the almost same ionic radius, the
effect of dopants on crystallinity was almost about the same; thus, the mass difference
played a crucial factor in suppressing thermal conductivity. Thus, the thermal
conductivity of Hf:ZnO was lower than Zr:ZnO regardless of doping concentrations. As
for Ti:ZnO, the effect of reducing crystallinity overwhelmed the influence of mass
difference, so the thermal conductivity of Ti:ZnO showed a lower value when doping
concentration rose. Especially, con 9:1 Ti:ZnO had the lowest thermal conductivity even
the concentration of dopant was lower than Zr:ZnO and Hf:ZnO. For the overall

enhancement on ZT, although the degree of reduction for thermal conductivity was
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almost 15-fold, the decreasing PF compensated the outstanding effort; thus, the ZT was

only enhanced by the factor of 6.44 in con 9:1 Ti:ZnO.

In summary, these three tetravalent dopants were able to promote the electrical

conductivity of ZnO by the factor of around 2.5 and suppress thermal conductivity by

the factor of near 15, but the decreasing absolute value of Seebeck coefficient retarded

the further enhancement in ZT, which was just about 6-fold enhancement. Although the

degree of enhancement in ZT was about the same in these three system, we could still

conclude that Hf might be the best dopant among them. Because the incorporation of Hf

didn’t decrease the electrical mobility severely. This advantage ensured high electrical

conductivity without increasing carrier concentration greatly, and thus the high absolute

value of Seebeck coefficient could be held. Besides, the great mass difference

suppressed the thermal conductivity effectively.
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Table 3.1: The thermoelectric characteristic of undoped ZnO, Ti:ZnO, Zr:ZnO and

Hf:ZnO. n: carrier concentration and the unit is X10'” cm™; p: electrical mobility and

the unit is cm?* V' s -

1

; o: electrical conductivity, S cm™ ;k: thermal conductivity, W m"

1

K!'; the unit of Seebeck coefficient is pV K'!'; PF is the power factor and the unit

is X10*Wm' K2

ZT Normalized
n v o Seebeck PF
(300k) ZT
7n0O 478 1836 140.6 -107.49+1.29 1.62 33.5+0.41  0.0015 1.00
Con 49:1 1277 1301 2658 -71.02+133 1.34 7.15+0.05  0.0056 3.87
Ti Con?24:1 1902 913 2779 62754078 1.09 4.60+0.10  0.0071 491
Con 19:1 2722 707 3083 -55.114130 094 3.704020  0.0076 522
Con9:1 2355 523 1975 -57.914090 0.66 2.1240.01  0.0093 6.44
Con 49:1 1036 1818 301.6 -71.7940.52 1.55 6.80+0.05  0.0068 4.71
Con 24:1 1541 1325 3271 -60.0340.89 1.18 4.70+0.05  0.0075 5.17
Zr
Con 19:1 1697 11.79 318.1 -54.65+1.51 095 4.15+0.01  0.0070 4.72
Con9:1 1746 6.19 173.1 -6436+1.14 072  2.30+0.01  0.0094 6.43
Con 49:1 942 1790 2702 -74.254+0.89 149 6204001  0.0072 4.95
Con 24:1 1455 1370 3194 -59.824034 1.14 4.05+0.05  0.0084 5.82
Hf
Con 19:1 1544 11.12 2751 -60.7941.32 1.02 3.50+0.05  0.0087 5.99
Con 9:1 1703 568 1551 -61.4240.82 0.9 2.1340.12  0.0083 5.66
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Table 3.2: The concentration of dopant measured by XPS and atomic number density of

dopants. The number density is calculated by using composition ratio, film thickness

and density*!%.

0O:Zn:dopant Number density of
dopant (nm??)
Con 9:1 Ti:ZnO 40.33 :56.57 : 3.30 3.51
Con 9:1 Zr:ZnO 41.14 :55.29:3.57 4.52
Con 9:1 Hf:ZnO 41.75:54.46 : 3.79 4.82

Table 3.3: Bond energy of metal/ligand and metal/oxygen and the difference between

bond energies (A BE= BE metal/oxygen—BE metal/ligand).

Bond energy of
Bond energy of ABE
metal/ligand
metal/oxygen  (kJ/mol)  (kJ/mol)
(kJ/mol)
Ti-N -476 Ti-O -666 -190
Zr-N -565 Zr-0O -766 -201
Hf-N -535 Hf-O -801 -266
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Figure 3.1: The XRD patterns of undoped ZnO and all con 9:1 doped ZnO.
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3.2 Distribution Patterns of dopants
3.2.1 Conventional versus mixed ALD doping processes

Previous section disclosed that a close-packed dopant distribution was
unfavorable to enhance the electrical conductivity, so we developed a new ALD doping
process, i.e. mixed ALD doping process. In the mixed ALD doping process, the dopant
precursor, TDMAHT{, was introduced into reaction chamber along with DEZn
simultaneously while depositing dopant layers. By this way, two precursors were going
to compete with each other to react with surface hydroxyl groups, so the decrement of
Hf number density in dopant layers was obtained. The schematic illustration of
depositing dopant layer by conventional process and mixed ALD doping process is
shown in Figure 3.2. We also deposited types of mixed ALD doping process Hf:ZnO
(HZO), the thermoelectric properties of them are summarized in Table 3.4.

First, it could be discovered that the carrier concentration of HZO deposited by
mixed ALD doping process was much higher than that deposited by conventional
process at the same repetition rate of dopant layers. Since the actual dopant
concentration was quite low in mixed ALD doping process, the number density of Hf in
mixed ALD doping process was only around 0.6~0.7 nm™, which was much lower than
that in conventional process, i.e. ~ 4.80 nm™. The dopant concentration measured by

XPS and calculated number density is summarized in Table 3.5. In this situation,
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dopants were much freer to donate free carriers and then became ionized ions without

severe repulsion from other ionized dopants in the same dopant layer. For this reason,

we could increase the carrier concentration of HZO by increasing repetition rate of

dopant layer until dopants were no longer such free to donate free carrier owing to the

repulsion from ionized dopants in the adjacent dopant layers, i.e. from mix 4:1 to mix

3:1. With regard to the electrical mobility, the decrement of dopants in mixed ALD

doping process cut down the dopant scattering effect and reduced the suppression of

crystallinity, so the electrical mobility in mixed ALD doping was higher than that in

conventional process. Figure 3.3(a) shows the XRD patterns for comparing crystallinity

of the same dopant layer period length deposited by two different process, i.e. con 24:1

versus mix 24:1. Nevertheless, Figure 3.3(b) reveals that densely inserted dopant layers

still decreased the crystallinity in (002), especially. Besides, an abundance of free

carriers raised the electron scattering, which may retard the transport of each other, so

the electrical mobility decreased with carrier concentration, i.e. mix 3:1. Luckily, the

overall effect of mixed ALD doping process on electrical conductivity was positive, the

best value was almost doubled in comparison to conventional process, i.e. mix 14:1

versus con 24:1.

Referring to Seebeck coefticient, the benefit of mixed ALD doping process on

promoting doping efficiency was unfavorable to maintain the high absolute value of
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Seebeck coefficient, so the absolute value of Seebeck coefficient decreasd severely and
the lowest value was only remain 40% compared to undoped ZnO, -44.62 and -107.49,
respectively. Therefore, the PF value was quite low when dopant layers were densely
inserted. Luckily, the PF value was greater than undoped ZnO when the period length of
dopant layers was long, such as mix 34:1, mix 29:1 and mix 24:1. The highest PF
occured at mix 24:1 with the value of 1.90x10™" W m™ K. Due to the low degradation
to the electrical mobility in these structures, high carrier concentration was inessential
for acquiring high electrical conductivity, so decrement on the absolute value of
Seebeck coefficient could be suppressed. As the period length of dopant layers kept
increasing, e.g. from mix 24:1 to mix 34:1, the PF value decreased and was close to the
value of undoped ZnO.

Unlike its benefit to electrical performance, mixed ALD doping process showed a
poor effect on reducing the thermal conductivity of ZnO. It could be seen that the
degree of reducing thermal conductivity of mixed ALD doping process was much lower
than that of conventional process at the same dopant layer repetition rate, i.e. ~2.13 for
con 9:1 and ~8.48 for mix 9:1. As for the similar dopant concentration, e.g. mix 9:1 and
con 49:1, conventional process was able to suppress thermal conductivity more
effectively even densely inserted mixed ALD doping dopant layers reduced the

crystallinity more severely, which can be seen in Figure 3.3(c). This result was
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attributed to the outstanding effect of more distinct interface on phonon scattering, so

the conventional process could reduce the thermal conductivity much more effectively.

With regard to the overall effect on ZT, the best performance occured at mix 3:1, whose

thermal conductivity was the lowest, and the degree of enhancement was about 4-fold.

Summing up two distribution patterns of dopant, it could be realized that close-

packed dopants deposited by conventional process were able to form complete

heterogeneous interfaces and then had an advantage in reducing thermal conductivity.

On the other hand, sparsely distributed dopants deposited by mixed ALD doping

process were able to increase carrier concentration efficiently and less harmed the

electrical mobility. These two characteristics ensured a high PF value, such as mix 24:1.

In order to obtain the advantage of each process simultaneously for further enhancing

ZT value, we were going to combine two processes and found out the best distribution

pattern of the dopants.
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Table 3.4: The thermoelectric characteristic of undoped ZnO, conventional process and

mixed ALD doping process HZO. n: carrier concentration and the unitis X10'? em™; u:

electrical mobility and the unit is cm? Vs -

1

; o: electrical conductivity, S em™ ;k:

thermal conductivity, W m™! K!'; the unit of Seebeck coefficient is puV K™!; PF is the

power factor and the unit is X10* W m™! K2,

n u c Seebeck PF K ZT  Normalized
(300k) ZT
7ZnO 478 1836 140.6 -107.49+£1.29 1.62 33.540.41  0.0015 1.00
49:1 942 1790 2702 -7425+0.89 149 6204001  0.0072 4.95
Con 24:1 1455 1370 3194 -59.82+034 1.14 4.05+0.05  0.0084 5.82
Hf:ZnO 19:1 1544 11.12 2751 -60.79+132 1.02 3.50+0.05  0.0087 5.99
9:1 17.03 568 1551 -61.4240.82 0.59 2.1340.12  0.0083 5.66
34:1 1479 1792 4246 -64.9240.68 1.79 11.240.07  0.0048 3.29
29:1 1539 1755 4327 -64.7240.84 1.81 11.040.16  0.0049 3.39
24:1 1672 1730 4635 -64.03+0.52 1.90 10.5+£0.01  0.0054 3.73
Mix 19:1 21.63 1606 5564 -53.724126 1.61 9.35+0.05  0.0052 3.54
Hf:ZnO 14:1 3017 1249 6029 -49.1140.67 145 8.60+0.02  0.0051 3.49
9:1 3374 1079 5833  -47.41+129 131 8.48+0.07  0.0046 3.19
4:1 3854 754 4657 -4599+0.78 098 4.88+0.02  0.0061 4.16
3:1 3620 729 4286 -44.6240.65 0.85 4.05+0.05  0.0063 434
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Table 3.5: The concentration of dopant measured by XPS and atomic number density of

Hf. The number density is calculated by using composition ratio, film thickness and

density.
Number density of Hf
O:Zn:Hf
(nm?)
Con 9:1 41.75:54.46 : 3.79 4.82
Con 24:1 45.71:52.87:1.42 4.83
Con 49:1 45.50:53.81:0.64 4.76
Mix 24:1 44.63 : 55.17: 0.20 0.69
Mix 19:1 4429 :55.45:0.26 0.68
Mix 9:1 45.59 :53.83:0.58 0.72
Mix 4:1 44.75:53.99:1.26 0.71
Mix 3:1 43.82:54.58 : 1.60 0.73
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Figure 3.2: The schematic illustration of depositing dopant layer by conventional

process and mixed ALD doping process.
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Figure 3.3: XRD comparison for (a) same period length; (b) densely inserted mixed

ALD doping; (c) same Hf content.
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3.2.2 Combination of conventional and mixed ALD doping processes
As mentioned before, the combination of conventional process and mixed ALD
doping process was potential to obtain the advantage of each way, i.e. heat blocking of
conventional process and excellent electrical performance of mixed ALD doping
process. From the results of last section, it revealed that the optimal electrical
performance was achieved by forming the dopant layers as a mixture of both ZnO and
the HfO: in a periodicity of 1 mixed monolayer per 24 ZnO monolayer since mix 24:1
showed the highest PF value. Based on this contention, we were going to use mix 24:1
as a basis structure and then insert complete HfO2 guest layers with different periodicity
and thickness to enhance the suppression of thermal conductivity for mix 24:1 structure.
First, the optimal periodicity of inserted complete HfO2 layers was studied. Table
3.6 presents the thermoelectric properties of films composed of alternating mix 24:1
host and 5-cycle conventional HfO2 dopant layers, where the mix 24:1 host layers were
of 1 period (24 ZnO cycles/1 mixed doping cycle/24 ZnO cycles), 2 periods
(24/1/24/1/24), or 3 periods (24/1/24/1/24/1/24); the total number of cycles of the HZO
films with the 3 mix 24:1 period lengths were 540, 553, and 520, respectively. The
illustrated structures of 3 films are shown in Figure 3.4. The results confirmed that
further the enhancements of ZT were indeed achievable with the combination of two

processes. The addition of the 5-cycle conventional dopant layers caused only minor
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reductions in power factor and other electrical properties of the mix HZO, while it
lowered the thermal conductivity to ~3 from ~10 W m™ K™, resulting in ~3 fold
increase in ZT from that of mix 24:1 HZO. The optimal structure in terms of ZT was 1
period of mix 24:1 alternating with the conventional dopant layer, as the structures with
2 and 3 periods of mix 24:1 contained insufficient numbers of conventional dopant
layers to effectively suppress thermal conductivity.

After optimizing the periodicity of the inserted HfO: layers, the effects of cycle of
the conventional HfOz layers on thermoelectric performance were investigated. Figure
3.5 is the illustration of superlattices composed of 1 period of mix 24:1 HZO and varied
cycles of conventional HfOz layer, and the thermoelectric characteristics are
summarized in Table 3.7.

In order to elucidate the correlation between the deposition cycles of complete
HfO: guest layers and the properties of mix 24 / nH, in-situ QCM was utilized to
monitor the growth mechanism while switching materials. Figure 3.6(a) is the mass gain
per cycle (MGPC) of HfO:z on the surface of 24 cycles ZnO which was the deposition
procedure of mix 24 / nH. Owing to the less stereo-hindrance of DEZn, the number
density of surface hydroxyl groups on ZnO is much higher than that on HfO2, so the
MGPC of HfO2 on the ZnO surface was much higher in the initial cycles than that in the

latter cycles. However, once a monolayer of HfO2 formed, i.e. 3 cycles in our result, the
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MGPC of HfO: decreased and approached to a constant value, which represented the

steady ALD growth for HfO2 on the surface of itself. Because TDMAHf couldn’t react

with the residual hydroxyl groups at the interface between ZnO and HfO2 owing to its

bulkier structure. On the other hand, Figure 3.6(b) shows the MGPC of one ZnO cycle

over the surface of a ZnO film (thickness = 24 cycles) primed with 0 to 30 cycles of a

HfO; layer. The MGPC of the ZnO cycle sharply decreased with increasing thickness of

the HfO, priming layer, again as a result of the substrate’s original ZnO surface being

increasingly converted into a HfO, one. The MGPC did not reach a steady value until >

7 HfO> cycles, indicating that it required > 7 cycles of the HfO, priming layer to fully

block the incoming ZnO precursors from interfacing with the bottom ZnO layer. This

result interprets that: at <7 HfO» cycles, the HfO, layer apparently still contained

molecular-scale voids—as can be discerned from the cross-sectional TEM images

presented in Figure 3.7—to allow the incoming ZnO precursors (DEZn and H>O) to

diffuse through and adsorb directly onto the bottom ZnO surface, which upon

subsequent ZnO deposition would conceivably result in molecular-scale ZnO conduits

through the HfO, layer, connected to the bottom ZnO layer. Such ZnO conduits would

serve as electron-conducting channels through the HfO; layer.

Based on this contention, the decrements of carrier concentration, electrical

mobility and electrical conductivity as the number of cycles is less than 7 could be
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explained as follows. Although the insulating nature of HfO2 and the much higher
conduction band position of HfO2, some conductive ZnO channels inside the inserted
HfO: layers still offered paths for carriers to transmit through insulated barriers instead
of tunneling; thus, there were still considerable amounts of free carriers. With regard to
the degree of suppression on electrical mobility, mix 24 / nH was made up of a thin
insulating layer (< 1 nm) and a thick (~8 nm) conductive domain which consisted of
one segment of mix 24:1 and 24 cycles of ZnO. The conductive domain is called as
super ZnO in the rest of dissertation for convenience. In this structure, super ZnO was
thick enough to build up a high mobility path for carriers, so once electrons transmitted
through the thin insulating barrier, their transportation in next super ZnO was about the
same as that in the previous super ZnO. Therefore, the electrical mobility was only
influenced slightly and then could be maintained at 14~16 cm?> V' s "I, As for Seebeck
coefficients, since the reduction of carrier concentration in mix 24 / nH (n<7) was
mainly attributed to the shrinkage of total transmission area, which is energy-
independent. Thus, the distribution of carriers with energy didn’t change and then the
Seebeck coefficient was maintained at ~-64 pV K.

As the cycles of inserted HfO2 was more than 7, conducting ZnO channels no
longer existed inside the insulated HfO2 layers, so the carriers could only transmit

through the barriers by tunneling effect. Thanks to the atomic-scale thickness of HfO2,
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most of carriers were able to go across the barriers, so the decrement of carrier
concentration was still moderate. As for the electrical mobility, it was as the same as the
case when cycles were less than 7, once electrons tunneled through the thin insulating
barrier, their transportation in next super ZnO was almost as the same as that in pervious
super ZnO, so the electrical mobility could still be maintained at ~14 cm? V' s -1,
Besides, it is noteworthy that the absolute value of Seebeck coefficient increased
abruptly when the cycles of HfO2 become 7 and then dropped. This phenomenon might
result from energy filtering effect. Typically, energy filtering effect is conducted by a
material whose conduction band is located around the Fermi level of the matrix
material, which is mentioned in section 1.3.2. However, the great difference of
conduction band position between HfO2 and ZnO, i.e. ~1.6 eV, was unfavorable for
energy filtering effect. Luckily, 7 cycles of HfO2 was still quite thin, so it didn’t build up
a thick barrier. For this reason, only carriers with low energy were blocked intensely but
most of carriers with high energy were able to tunneling through barriers, so the energy-
dependent tunneling effect may also be referred to energy filtering effect. However, as
the thickness of HfO2 increased, i.e. 9 cycles, the barrier was too thick for the carriers to
tunnel through and then greatly blocked the transmission of the carriers, so the absolute
value of Seebeck coefficient dropped. Figure 3.8 shows the energy band alignment and

Figure 3.9 shows the transportation of carriers with different cycles of inserted HfOx.
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Referring to thermal conductivity, multi-cycle of inserted HfO2 indeed blocked the
transportation of phonons effectively and therefore suppressed the thermal conductivity
obviously, i.e. lower to 1.95+0.02 W m! K'!. Since multi-cycle of inserted HfO>
completed the heterogeneous interface which could serve as phonon scattering center
that slowed the transportation of phonons intensely. Besides, the formed HfO2> domain
also retarded the transportation of phonons by producing serial thermal resistance due to
its low thermal conductivity characteristic, i.e. ~ 1.0 W m™ K'!. Our result roughly
conformed to the simulation done by Karttunen et al.!?, the max mean free path (Max.
MFP) of phonon in super ZnO is near 8 nm, which was as the same as the thickness of
super ZnO, since the thick and complete HfO2 layers might scatter the phonons whose
MFP is longer than 8nm. In Figure 3.10, setting Max. MFP at 8nm yields a cumulative
thermal conductivity about ~2.0 W m™' K''. Combining the serial thermal resistance
resulted from HfOz, the predicted thermal conductivities of mix 24 / 7H and mix 24 /
9H were 1.91 Wm™ K- and 1.86 W m™! K*!, respectively, which were close to our
results. The deviation was quite reasonable because HfO2 layers couldn’t serve as a
complete phonon blocking layers as we assumed in estimation.

In Table 3.7, it reveals that the thermal conductivity decreases monotonically with
the cycles of inserted HfO2. Although we might keep decreasing the thermal

conductivity by increasing the number of HfOz cycles, the insulation characteristic of
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HfO:2 was going to make mix 24 / nH become insulated. Hence, after striking a balance

between all effects, mix 24 / 7H showed the best the overall effect on enhancing ZT, and

the degree of enhancement was over a factor of 13 compared to undoped ZnO.

In summary, multi-cycle of inserted HfO2 was able to elevate the absolute value of

Seebeck coefficient by energy filtering effect at certain cycles while maintaining

electrical conductivity and suppressed the thermal conductivity effectively. Thus it

could enhance the ZT by a factor of ~13. Based on current results, we were going to use

optimal structure, mix 24 / 7H, as a template structure for further decreasing thermal

conductivity via isotope modification in the next section.
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Table 3.6: The thermoelectric characteristic of the mix 24:1 HZO films inserted with 5-

cycle conventional HfO: layers at three periodicities (as illustrated in Figure 3.4). n:

. . . 19 : . ISl
carrier concentration and the unitis X10 ~cm™; u: electrical mobility and the unit is

cm?*V's-

unit of Seebeck coefficient is uV K'; PF is the power factor and the unit is X 107 W

1

; o: electrical conductivity, S cm™ ;k: thermal conductivity, W m' K'! ; the

1

K-Z
ZT Normalized
n u c Seebeck  PF
(300k) ZT
7n0O 478 1836 140.6 -107.49+1.29 1.62 3354041  0.0015 1.00
Mix 24:1 16.72 1730 4635 -64.03£0.52 190 10.5+0.01  0.0054 3.73
1 period 11.81 1428 270.1 -63.78+0.51 1.10 2.4440.03  0.0135 9.29
2 periods 12.71 1483 301.6 -63.64+038 122 2.7840.07  0.0132 9.06
3 periods 13.19 1522 3212  -64.15+024 132 3.2740.03  0.0121 8.34
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Table 3.7: The thermoelectric characteristic of undoped ZnO and the films composed of

1 period of mix 24:1 HZO and varied cycles of conventional HfO: layer. n: carrier

. . 19 : . .
concentration and the unitis X10 cm™; u: electrical mobility and the unit is cm? V' s

I'; 6: electrical conductivity, S cm™ ;k: thermal conductivity, W m™ K'!' ; the unit of

Seebeck coefficient is uV K'; PF is the power factor and the unit is X 107 Wm! K2

ZT Normalized
n u c Seebeck PF
(300k) 7T
7Zn0 478 1836 1406 -107.49+129 162 3354041  0.0015 1.00
Con 49:1 942 1790 2702 -742540.89 149 6.20+0.01  0.0072 4.95
Mix 24:1 16.72 1730 4635 -64.03+0.52 190 10.5+0.01  0.0054 373
Mix 24/ 1H 1662 1642 4399 -63.46+0.87 177 5.77+0.03  0.0092 6.33
Mix 24 /3H 1268 1495 3038 -64.83+0.68 128 3.1240.01  0.0123 8.44
Mix24/5H 1181 1428 2701 -63.78+0.81 1.10 2.44+0.03  0.0135 9.29
Mix 24 /7H 1029 14.06 237.6 -74.17+1.08 131 2.11+0.06  0.0186 12.77
Mix 24 /9H 988 13.93 2202 -68.35+0.96 1.03 1.95+0.02  0.0158 10.88
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5 cycles HfO,

24 ZnO cycles 24 ZnO cycles 24 ZnO cycles
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24 ZnO cycles 24 ZnO cycles
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Figure 3.4: The ZnO films doped with a combination of conventional and mixed HfO2

dopant layers.

Mix 24:1

n cycles HfO,~>
€24 cycles ZnO

1 cycle Zn/Hf 2>
€24 cycles ZnO

Mix 24 / nH

Figure 3.5: The illustration and the nomenclature of structures with 1 period of mix 24:1

HZO and varied cycles of conventional HfOz layer.
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Figure 3.6: MGPC of (a) HfO2 on the surface of 24 cycles ZnO and (b) the first cycle

Zn0O on the various cycles of HfO2 acquired from in-QCM analysis.
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Figure 3.7: Cross-sectional TEM images of the mix 24:1 HZO films inserted with (a) 3,
(b) 5, (¢) 7 cycles of the conventional dopant layer at each 1 period length (24 ZnO

cycles/1 m-dopant cycle/24 ZnO cycles).
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3.3 Isotope superlattice
3.3.1 Modification of deposition parameters

In order to verify the reactivity and the robustness of process via using H2'%0 as
the source oxygen in depositing isotope superlattice, we deposited the mix 24 / 7H using
H>'80 as the oxygen source solely. For convenience, this type of doped ZnO was called
as mix 24 / 7H-'80 and the one using normal water as the oxygen source only was
named as mix 24 / 7H-'0. It could be discovered that mix 24 / 7H-'80 showed a
decayed characteristic compared to that of mix 24 / 7H-'°0, such as electrical
conductivity and refractive index. Since the condensability of H2'30 was lightly higher
than that of H2'°O due to the higher molecular weight!°192, Thus, this result could be
attributed to multilayer condensation of H2'*0 while using the same deposition
parameter as mix 24 / 7H-'°0, which might cause a non-ALD growth and then deposit a
slightly looser film. For this reason, the thickness increased and the refractive index
decreased. Referring to electrical conductivity, non-prefect growth lowered the
electrical mobility; besides, the formed defects might serve as the carrier traps, which
cut down the carrier concentration. To address the issue of redundant physisorbed
H>'80, we prolonged the purge time of H2'30 from 5s to 8s arbitrarily. It turned out that
modified mix 24 / 7H-'*0 showed the same electrical characteristic as mix 24 / 7H-'¢O.

Therefore, our hypothesis held that the electrical properties of ALD deposited ZnO were
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maintained even oxygen isotope was incorporated intentionally, since '®O and 30 show
almost the same electrical properties. The electrical characteristic, thickness and the
refractive index of mix 24 / 7H-'°0O, mix 24 / 7H-'80 and modified mix 24 / 7H-"30 are

listed in Table 3.8.

Table 3.8: The electrical characteristic, thickness and the refractive index of mix 24 /

7H-'%0, mix 24 / 7H-'30 and modified mix 24 / 7H-'80. n: carrier concentration and the

.. 19 . o .. 2 -1 -1 .
unitis X10 cm™; p: electrical mobility and the unitiscm™ Vs ; o: electrical

conductivity, S cm’!. The unit of thickness is nm.

Refractive
n 18 c Thickness .
index
Mix 24 / TH-1%0 10.55 14.06 237.6 89.46 2.01
Mix 24 / TH-30 8.53 12.33  168.5 90.83 1.99
Modified mix 24 / 7TH-30
10.04 1428 2294 89.21 2.01
/H2'30 purge 8s
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3.3.2 Influence on thermoelectric properties

According to reported works, the optimal concentration of isotopes is 50% since it
ensures the highest dissimilarity in mass difference. Thus, we also set the concentration
of 0 in our research at 50% and then varied the periodicity to make sure the influence
of isotope superlattice on thermoelectric properties. Figure 3.11 shows the nomenclature
of structure discussed in this section, and the measured characteristics are listed in Table
3.9. It is noteworthy that the purge time of H2'80 in the research was set at 8s based on
our previous result.

Starting with electrical characteristic, all the '*0 incorporated films showed the
almost unperturbed electrical performance regardless of periodicity of superlattice
which were consistent with our assumption. Hence, the power factors of them were
retained at ~1.30 x10" W m K2 On the other hand, the thermal conductivity was
affected by the period length of superlattice; especially, it decreased considerably at the
moderate period length, i.e. 2~4 nm, but otherwise changed slightly. In order to
elucidate this phenomenon, the detailed phonon transportation parameters had to be
taken into consideration, such as wavelength of phonons, mean free path of phonons
and DOS of phonons.

Figure 3.12 is the contribution ratio of each phonon mode in ZnO, which was

simulated by Wu et al.'®, it clearly revealed that the modes below band gap almost
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dominated the thermal conductivity completely at 300K. By consulting Figure 3.13,
which is the phonon group velocity as a function of frequency for ZnO simulated by Wu

et al.!03

also, the wavelengths of these phonons are estimated to be around 0.5~7 nm.
Hence, the mass difference interfaces resulted by 7H 7:7 isotope superlattice were
invisible to most of phonons since the distance between interfaces was only~1.2nm.
Based on this contention, 7H 7:7 structure just affected the effective mass of phonons
instead of introducing additional scattering centers; therefore, the reduction of thermal
conductivity was slight. As the distance of mass difference interface (or the period
length of superlattice) increased, more phonons were scattered since interfaces became
visible; thus, the reduction of thermal conductivity became considerable. However, the
effect on reducing thermal conductivity dropped obviously as the distance of mass
difference interface became quite long, e.g. ~9 nm in 7H 56:56. This result could be
attributed to no mass difference interface inside super ZnO, so the distribution of
phonon mean free path in ZnO was unperturbed, which was almost as the same as that
in mix 24 / 7H structure; therefore, the only difference was that the effective mass was
increased. Besides, the density of thick HfO2 layers was also increased, which enhanced
the scattering effect, so the thermal conductivity of 7H 56:56 was lower than the linear

combination of mix 24 / 7H and mix 24 / 7H-'%0, i.e. 2.05 Wm™ K'and 2.09 W m' K-

I, respectively.
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Referring to the degree of reduction on thermal conductivity, our result was about

18%, which was far lower than the best result (~50%) in ?C/!3C graphene system

1.89 1‘104

demonstrated by Chen et al.*”. By the simulation done by Wang et al."™ which can be
seen in Figure 3.14, it clearly revealed that the DOS of the modes below the band gap
(which dominate the thermal conductivity in room temperature) were mainly
contributed from the vibration of zinc atoms since they are much heavier than oxygen
atoms. Therefore, the low degree of reduction on thermal conductivity owing to the 30
incorporation was reasonable.

To sum up, we demonstrated the isotope incorporated superlattice by the usage of
H>'80 as the source of oxygen in depositing HZO. Thanks to the same electrical
properties between '°0 and '80, the power factor of deposited structure was unperturbed
regardless of periodicity of superlattice. Nonetheless, the mass difference interfaces
impeded the transportation of phonons effectively at certain distance, so the degree of
reduction on thermal conductivity was up to ~20%. With these two effects, the ZT value

could be further enhanced by the factor of ~20% while remaining the optimal structure

developed in section 3.2.2.
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Table 3.9: The thermoelectric characteristic of undoped ZnO, mix 24 / 7H and '%0

. . . . . L Va4
incorporated superlattice. n: carrier concentration and the unitis X10 cm™; p:

electrical mobility and the unit is cm? V! s -

1

; o: electrical conductivity, S cm™ ;k:

thermal conductivity, W m™! K! ; the unit of Seebeck coefficient is pV K™'; PF is the

.. -4
power factor and the unitis X10 W m™ K2,

ZT Normalized
n u c Seebeck  PF
(300k) ZT
7n0O 478 1836 140.6 -107.49+129 1.62 33.5+0.41  0.0015 1.00
Mix 24 / TH-
1029  14.06 237.6 -74.17+1.08 131 2.1140.06  0.0186 12.77
160
Mix 24 / TH-
997  14.88 2374  -73.7940.74 129 2.07+0.03  0.0187 12.88
180
TH 7:7 10.36 1423 2361 -74.07+0.41 130 2.0540.02  0.0190 13.03
7H 14:14 1027 1398 229.7 -74.5240.27 128 1.9140.05  0.0200 13.77
7H 28:28 1046 14.16 2369 -73.88+0.36 129 1.76+0.04  0.0220 15.15
7H 56:56 10.36 1435 237.8  -74.43+0.46 132 2.0540.03  0.0194 13.32
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Figure 3.11: The nomenclature of structures which are isotope incorporated.
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Figure 3.14: The simulation done by Wang et al.'* (a) phonon dispersion curves of

wurtzite ZnO; (b) vibrational density of states of wurtzite ZnO.
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3.4 Summary

In this chapter, the study started with the selection of dopants. In order to clarify
the influence of properties of dopants on thermoelectric characteristic, we chose three
tetravalent metal ions in the same group(IVB group) as dopants, i.e. Ti*", Zr*" and Hf*';
moreover, we also used the precursors with the same functional ligand to control the
reactivity. After systematical investigation, we concluded that Hf*" showd the greatest
benefit on enhancing thermoelectric performance of ZnO (6 times improvement), since
the incorporation of Hf didn’t decrease the electrical mobility severely. This advantage
ensured the enhancement of the electrical conductivity without increasing carrier
concentration greatly. Thus, the high absolute value of Seebeck coefticient was
maintained. Besides, the great mass difference between Hf and Zn suppressed the
thermal conductivity effectively.

However, the electrical conductivity was only enhanced by the factor of 2.5 due to
the low doping efficiency of conventional ALD doping process. Thus, we proposed a
new doping technique, i.e. mixed ALD doping process, to further increase the electrical
conductivity. At the optimal doping concentration, the highest conductivity was almost
5-fold more compared with undoped ZnO. Unfortunately, an abundance of free carriers
lowered the absolute value of Seebeck coefficient and the loosely distributed dopants no

longer impeded the transportation of phonons effectively. For this reason, the degree of
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enhancement on ZT value, which was only about 4.5 times, was unsatisfactory.

Afterward, we combined the advantages of conventional process and mixed ALD
doping process to deposit HZO superlattices, i.e. heat blocking for conventional process
and excellent electrical performance for mixed ALD doping process. After striking a
balance between all effects, we conclude that 7-cycle HfO2 was the optimal heat and
electrical barrier to incorporate with super ZnO, because it could increase the absolute
value of Seebeck coefficient by energy filtering effects and impeded heat transport by
forming distinct HfO2/ZnO interface. Hence, the overall enhancement on ZT value was
over an order of magnitude (~13 times).

Finally, we investigated the effect of isotope incorporation on thermoelectricity in
compound materials for the first time. After modifying the deposition parameters, the
electrical performance of '80-containing films was about the same with the normal
films ('*0-excluding). After that, we controlled the period length of superlattice to
probe the interface-distance dependent thermal conductivity in our systems. It turned
out that the optimal periodicity was determined to be 4.5/4.5 nm, which best matches
the majority phonon wavelengths of ZnO. Therefore, regarding the enhancement on ZT,
the further 20% increment was achieved and the ZT value of optimal ZnO was about

0.023 at 300K, which was about 16 times higher than that of undoped ZnO.
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Chapter 4

Metal oxide/polymer superlattice

As we stated in section 1.8.3, the deposition of conducting polymers by MLD
technique was developed to prepare the insertion material in metal oxide/polymer
superlattice. In the research, three common conducting polymers were tested, i.e.
polythiophene, polyaniline and PEDOT. Among the deposition processes, PEDOT-
process possessed the following merits: reproducibility, robustness and the high
electrical conductivity of the deposited films. Although the research started with the
deposition of polythiophene and polyaniline, the focus of this chapter was on the
characteristic and the deposition process of PEDOT and its metal oxide/polymer
superlattice. As for the deposition of polythiophene and polyaniline, they are stated in

the latter part of this section.

4.1 Poly(3,4-ethylenedioxythiophene) (PEDOT)
4.1.1 The deposition of PEDOT

In the development of depositing polyaniline by MLD technique, we noticed that
the vapor pressure of oxidant, i.e. SbCls, decayed with time if the temperature was
elevated. It might be due to the high oxidizing power nature which made itself unstable.

For addressing the stability issue, prolonging the pulse time was utilized to increase the

102

doi:10.6342/NTU202000015



amount of vapor phase SbCls molecules instead of elevating the temperature of SbCls.
Thus, we set the temperature of SbCls at 75°C, at which the degradation was less
obvious. For the detailed experimental settings, they can be found in Table 2.6. The
characteristics of deposited PEDOT films are summarized in Table 4.1.

First, the blue appearance of deposited films shown in Figure 4.1 and the
characteristic absorption peaks in FTIR spectrum (Figure 4.2) confirmed the formation
of PEDOT by MLD process. In FTIR spectrum, 10 typical absorption bands of PEDOT
are listed as follow: 1519, 1312, 1206, 1133, 1079, 1032, 969, 912, 829, and 690 cm".
The bands at 1519 and 1312 cm! are originated from the stretching mode of C = C and
C-C in thiophene ring. The bands around 1206, 1133, 1079, and 1032 cm™" are
attributed to the bending mode of C-O-C in ethylenedioxy groups; the bands at 969,
912, 829, and 690 cm! are identified as the stretching mode of the C-S-C bond in
thiophene ring. All bands mentioned above and the absence of the peak at 754 cm’!
which is attributed to C-H of the aromatic structure confirmed the successful formation
of the PEDOT in MLD process.

As for thermoelectric properties, MLD-deposited PEDOT showed a high
electrical conductivity without post-treatments, which were common ways to promote
the electrical conductivity of PEDOT; however, it showed a poor absolute value of

Seebeck coefficient. This characteristic was attributed to high doping level of deposited
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PEDOT. In Figure 4.3, which is the UV-Vis spectrum of our PEDOT, there are two
characteristic peaks at about 400-700 nm and 1000-1060 nm with a free tail extending
into the near-infrared region. These two peaks are ascribed to the n-n* transitions of
thiophene ring and polaron and/or bipolaron bands for oxidized PEDOT with long
conjugation length, respectively. A high absorbance in near-infrared region relative to
visible light region indicated the high doping level of PEDOT deposited by MLD
process; hence, a high carrier concentration in PEDOT was expectable, which yielded a
high electrical conductivity but low absolute value of Seebeck coefficient, thus a low
power factor. Regarding thermal conductivity, our PEDOT showed a typical behavior of
polymers that is almost thermally insulated and the thermal conductivity is lower than
unity. Considering all effects, the ZT value of our PEDOT was only 0.051 at 300 K,
which made it improper to serve as a particle thermoelectric material by itself.

Compared to the MLD polyaniline process we developed, there were two merits
in PEDOT deposition process. First, it is obvious that the deposited films were highly
conductive unlike MLD deposited polyaniline and performed a typical p-type
conducting. Without post-treatment which was commonly conducted to promote
electrical conductivity, such as acid rinse, the conductivity of our PEDOT films were
over 400 S cm™! that could compete with those synthesized by traditional solution

process. Second, it is noteworthy that the growth rate of PEDOT was almost ten times
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higher than that of polyaniline we deposited, i.e. 0.3~0.4 nm/cycle and 0.03 nm/cycle,

respectively; hence, high growth rate ensured the practicability of MLD deposited

PEDOT in various applications. Thanks to these advantages, MLD deposited PEDOT

was promising and then chosen as the insertion material in developing metal

oxide/polymer superlattice thermoelectric materials.
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Table 4.1: The characteristic of deposited PEDOT films.

Thickness Growth rate c Seebeck PF K ZT
(nm) ( nm/cycle) (Sem™)  (uV K" (1()'4 Wm'K?) Wm'K")  (300k)
60.6 0.303 456.6 8.39 0.032 0.19 0.0051

Figure 4.1: The photographs of deposited PEDOT films and blank glass substrates.

Transmittance(%)

1600 1400 1200 1000 800 600
Wavenumber (cm’™)

Figure 4.2: The FITR spectrum of deposited PEDOT films.
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Figure 4.3: The UV-Vis spectrum of deposited PEDOT films.
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4.1.2 Interface-engineering of metal oxide/PEDOT superlattice

As we stated in previous section, PEDOT was selected as an insertion material
and utilized to develop conducting polymer incorporated HZO superlattice
thermoelectric materials due to its high growth rate and conductivity. However, the
integration of two processes pressed for an investigation before depositing
HZO/PEDOT superlattices, since PEDOT and HZO didn’t offer proper reaction sites for
each other to nucleate during switching.

To address this issue, we first monitored the growth of PEDOT on the surface of
ZnO using the pristine deposition settings (same as those in previous section) by QCM.
In Figure 4.4, it shows the mass gain of the one-cycle PEDOT on the surface of ZnO
using different pulse sequence of precursors. It can be seen clearly that mass gain of
EDOT dose approached to zero in the pristine pulse sequence (EDOT first) even
incoming SbCls indeed chemisorbed onto the surface. This phenomena revealed two
facts: EDOT monomers couldn’t adsorb onto the surface on ZnO; SbCls molecules
could react with surface functional groups of ZnO. These two facts concluded that no
PEDOT formed after one cycle of PEDOT-deposition. However, as we changed the
pulse sequence (SbCls first), there were positive mass gains after the pulse of both
precursors, which meant PEDOT indeed formed by this pulse sequence. Besides QCM

analysis, the growth mechanism could be also discerned by cross sectional TEM images
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presented in Figure 4.5: the inserted PEDOT layers can be seen in Figure 4.5 (b), but no

layered structures in Figure 4.5 (a). Hence, the modified pulse sequence, 1.e. SbCls was

introduced first, was utilized to deposit inserted PEDOT layers in superlattice;

moreover, the multiple pulse process of EDOT, i.e. SbCls>EDOT->EDOT—->EDOT,

was also utilized to ensure the growth of PEDOT under few cycles of deposition.

After dealing with the modification of PEDOT deposition process, we further

investigated the growth of incoming ZnO on the surface of inserted PEDOT layers to

optimize the deposition process of HZO. In Figure 4.6, it shows the MGPC of ZnO at

the steady-growth region and the mass gain of the first cycle using the normal

depositing parameters (i.e. without exposure) of ZnO on surface of inserted PEODT

with various modifications. The low mass gain of ZnO depositing without any

modification interpreted the poor nucleation and growth of ZnO on the surface of

inserted PEDOT as we expected. However, after conducting each modification, the

mass gain truly increased which validates the profit of interface-engineering. In type A,

the exposure of SbCls during depositing PEDOT was abrogated to eliminate redundant

physisorbed molecules since unreacted SbCls molecules were nearly inert to the

incoming H20O which was analyzed by QCM shown in Figure 4.7, and thus hinder the

nucleation of ZnO; in type B, long exposure time (25 seconds) of each precursor was

utilized to increase the physisorbed precursors and/or reaction probability (by increasing
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collision between gas-phase molecules and surface), and then improved the nucleation

of ZnO on the surface of PEDOT; in type C, the dose of H2O2 was believe to increase

the density of hydroxyl groups on the organic surface which offered chemical reaction

sites for incoming precursors of ZnO, and thus improved nucleation and growth of ZnO.

For achieving best improvement in the mass gain of ZnO, three types of modifications

were applied simultaneously to enhance the growth of incoming ZnO synergistically,

and the result was outstanding since the mass gain was almost 2.5 times to the one

without any modification. Moreover, the electrical conductivity of PEDOT/HZO

superlattice with various modifications was measured to evaluate efficacy of

modifications, the measured electrical conductivities are summarized in Table 4.2. The

result tallied with the observation by QCM analyses in previous discussions. It could be

seen that electrical mobility was enhanced significantly indicating the reformed quality

of HZO and interface between each layers that were originated from the improvement

of the nucleation and growth of ZnO of the surface of PEDOT.

In summary, the interface-engineering was explored to integrate ALD-HZO and

MLD-PEDOT processes to deposit HZO/PEDOT superlattice. The interface-

engineering included the modification of PEDOT process to ensure the growth of

PEDOT under few cycles of deposition and the modification of PEDOT/ZnO interfaces

to improve the quality of ZnO (HZO). The modifications of PEDOT process included
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switching pulse sequence (SbCls first), abrogating the exposure time of SbCls and

utilizing multiple pulse of EDOT monomers. Besides, two modifications were applied

before the deposition of ZnO using normal parameters: the dose of H20: to increase the

density of surface hydroxyl groups and 5-cycle nucleation process of ZnO that

substituted 5 cycles with normal parameters to promote nucleation.
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Table 4.2: The electrical conductivity of PEDOT/HZO superlattice with various

modifications in the structure of 6x(4 periods mix 19:1 HZO + 1-cyle PEDOT)

n M o
(x10" cm) (cm? Vs (Scm™)
Without 9.86 2.51 394
Type A 12.65 3.10 62.9
Type A+B 11.12 7.87 140.2
Type A+B+C 12.72 13.75 280.2

[
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Figure 4.4: The in-situ QCM results of the deposition of PEDOT on the surface of ZnO

using two kinds of pulse sequences.

(a): no interface- engineering (b): PEDOT modification (¢): PEDOT & ZnO modification

Figure 4.5: The cross sectional TEM images of deposited films in the structure of 6x(80-

cycle ZnO/ 1-cyle PEDOT).
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Figure 4.6: The mass gain of ZnO in steady-growth region and that on the surface of

inserted PEDOT with various modifications.
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Figure 4.7: The mass gain of H20 on surface covered by redundant SbCls.
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4.1.3 Superlattice deposition and thermoelectric performance

After finishing the study of interface-engineering for the deposition of
HZO/PEODT superlattice, there was still one remaining issue to address, the
determination of “super ZnO”, which possessed the best electrical performance as stated
before, to integrate with inserted PEDOT. Because of the slight variation in deposition
condition between our ALD and MLD systems, e.g. working pressure and flow field of
precursors, the “super ZnO” had to be determined once again. Therefore, we followed
the approaches stated in section 3.2.1, tuning the insertion periodicity of mixed doping
layers to acquire the best electrical performance, and then concluded that mix 19:1 HZO
was the “super ZnO” in MLD system based on the highest power factor listed in Table
4.3. Thus, mix 19:1 HZO was a host material in the section to study the effects of
composition and structure on the thermoelectric performance of HZO/PEDOT
superlattice. However, it is noteworthy that the electrical mobility of HZO deposited by
MLD system was higher than that deposited by ALD system with the same insertion
periodicity of mixed doping layers. This property was attributed to the higher
preferential-growth in (002) direction as XRD patterns revealed in Figure 4.8. The high
preferential-growth in a conductive film yielded fast transportation paths for electrical
carriers, and thus the electrical mobility of the film could be much higher than that with

lower preferential-growth.
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Next, we first clarified the effect of insertion periodicity of PEDOT on the

thermoelectric performance. Table 4.4 summarizes the thermoelectric properties of

HZO/PEDOT superlattices composed of alternating mix 19:1 HZO host and 1-cycle

PEDOT, where the mix 19:1 HZO were of 2 periods (19 ZnO cycles/1 mixed doping

cycle/19 ZnO cycles), 4 periods (19/1/19/1/19/1/19), 6 periods

(19/1/19/1/19/1/19/1/19/1/19), or 8 periods (19/1/19/1/19/1/19/1/19/1/19/1/19/1/19);; the

total number of cycles of HZO in superlattice with 4 kinds of period lengths were 468,

474, 476, and 477, respectively. It is noteworthy that these superlattices were deposited

without type-C modification, i.e. the dose of H20:2 before 5-cycle ZnO nucleation layers

on the surface of inserted PEDOT. Although the thermoelectric performance was not

optimized currently, the effects of insertion periodicity were still evident. At long

insertion periodicity, i.e. 6 and 8 periods, the electrical mobility and thermal

conductivity were close to the value of mix 19:1 HZO, since the distances between two

inserted PEDOT layers (about 25 and 33 nm for 6 periods and 8 periods, respectively)

were longer than the distance between scattering centers for electrical carriers and

phonons in mix 19:1 HZO, such as dislocations, impurities, and grain boundaries

especially. Based on the (002) XRD peak of mix 19:1 HZO presented in Figure 4.9, the

grain size was ~18 nm, which was calculated by Scherrer equation,

D=0.91/BcosO, where D is mean grain size, A is the wavelength of incident X-ray=0.154
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nm, 3 is the FWHM (Full width at half maximum), and 6 is the Bragg angle. Thus, the

transportation of electrical carriers and phonons were almost maintained, and the

thermoelectric performance was unaffected. On the other hand, the period length of

inserted PEDOT layers in the superlattice composed of 2 periods of mix 19:1 and 1-

cycle PEDOT was much shorter than the distance between scattering centers of mix

19:1, and thus the inserted PEDOT layers became the major scattering centers for both

carriers (heat and electric). Besides, short distance between two adjacent PEDOT layers

confined the growth of ZnO crystals; therefore, the transportation of electrical carriers

and phonons were retarded extremely even the nucleation and growth of ZnO on

PEDOT were improved through interface-engineering. Luckily, the concurrent

suppression of electrical mobility and thermal conductivity could be decoupled at

medium insertion periodicity of PEDOT layers, i.e. 4 periods in our results. Since the

distance between adjacent PEDOT layers in this structure was around 16 nm, which was

slightly smaller than the grain size of mix 19:1 HZO, and therefore the suppression of

grain growth was retarded. Furthermore, the conductive nature of PEDOT offers

conducting paths for electrical carriers; thus, the electrical mobility could be maintained

partially. As for thermal conductivity, the inserted PEDOT layers that were the main

scattering centers for phonons in this structure could reduce the thermal conductivity

obviously due to the extremely heterogeneous interface between ZnO and PEDOT.
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Overall, the thermoelectric performance of superlattice composed of alternating 4-

period mix 19:1 HZO host and 1-cycle PEDOT had a potential to be further improved

through thickening the inserted PEDOT even though the ZT of this superlattice was not

the highest one among four superlattices on this front.

Further, the inserted PEDOT was thickened gradually and type-C modification,

1.e. the dose of H202 before 5-cycle ZnO nucleation layers, was applied to optimize the

performance of superlattices. The thermoelectric properties of deposited superlattices

are listed in Table 4.5. The enhancement of electrical mobility (conductivity also)

through the usage of type-c modification, which improved the growth and/or nucleation

of ZnO, was stated in section 4.2.1. Besides, the slight increment of thermal

conductivity was also attributed to modified interfaces between ZnO and PEDOT, by

which the scattering of phonons was reduced. Regarding the dependence of ZT

enhancement on the thickness of inserted PEDOT, we started from the reduced thermal

conductivity. It could be seen that the thermal conductivity decreased with the cycle

(thickness) of inserted PEDOT. This result was originated from the formation of

complete and clear interfaces between ZnO and PEDOT gradually as the cycle of

inserted PEDOT increased, hence the interface-scattering of phonons was enhanced due

to the significant discrepancy in the type of bonds and the microstructure between ZnO

and PEDOT, i.e. covalent bonds and disordered amorphousness of PEDOT versus ionic
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bonds and ordered crystallinity of ZnO. The gradually-formed interfaces could be
observed and confirmed by the comparison of cross-sectional TEM images presented in
Figure 4.10. Moreover, the inserted PEDOT layers also offered a considerable serial
thermal resistance due to its ultra-low thermal conductivity, 0.19 W m™' K'!. Thus, the
reduced thermal conductivity was obtained. However, the decrement of thermal
conductivity was unsatisfactory. Based on the simple series-resistance model, which is
illustrated in Figure 4.11, the theoretical thermal conductivity could be expressed as
below. It is noteworthy that there were assumptions we made to simplify the calculation:
(1) Cross-sectional area was unity; (2) Thermal conductance G at interfaces were the
same. (Grzo>PEDOT=GPEDOT>HZ0=G=0.2 GW m™ K'!, which is based on the result of
Mark D. Losego et al.!%); (3) The transportation of phonons inside HZO was
unchanged even with the insertion of PEDOT.

dg; d d 2 d
fitm _ o x ( HZO | PEDOT+_) 4 GHzo

film Knzo Kpepor G Kpepor

Riotal =

Therefore, the estimated thermal conductivity of each superlattice should be 1.49,

1.31, 1.15 and 0.95 for 1-cycle, 2-cycle, 4-cycle and 6-cycle, respectively. The

estimated thermal conductivity was much lower than the measured value in all

superlattices. This result indicated the lack of distinct interface and the existence of fast-

transportation route for phonons in the inserted PEDOT layers. In fact, it indeed took

time (or cycles) for PEDOT to form a complete layer, hence the interface
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(HZO->PEDOT) might not form under low-cycle condition. Besides, the molecular

scale ZnO may indeed existed inside the inserted PEDOT layers due to the usage of

nucleation process, which could improve the nucleation on ZnO on the surface of

PEDOT. In nucleation process, the sample was soaked in the vapor of each precursor,

hence precursors had enough time to infiltrate into the superficial PEDOT, which was

fluffy in structure, and then physisorbed onto it. Therefore, the molecular scale ZnO

could be formed inside PEDOT during nucleation process and then diminished another

distinct interfaces (PEDOT->HZO) even the deposition-cycle of inserted PEDOT

increased. To evaluate the effect of inserted PEDOT on the suppression of thermal

conductivity exactly, the intrinsic thermal conductance of PEDOT and the conductance

of each interface were lumped as a single conductance G’, thus the equation was

modified as:

d; d d 2 d d 1 d
R0 = lem:5x< Hzo_|_ PEDOT_I_ )+ HZO =5><( HZO >+ HZO

!
Kfitm Knzo Kpepor G Kpeport Knzo G Kpeport

The estimated G’ of each superlattice was 0.51, 0.37, 0.21 and 0.14 GW m?2 K!
for 1-cycle, 2-cycle, 4-cycle and 6-cycle PEDOT, respectively. Interestingly, our results
of 1-cycle and 2-cycle PEDOT were in line with the results of Ashutosh Giri et al.'?’,
and the estimated the interface thermal conductance in ZnO/hydroquinone/ZnO
structure is shown in Figure 4.12. In their result, they stated that the hydroquinone

molecules were most probably attached to every other surface Zn site (50% surface
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coverage) through first principles study, thus the distinct interfaces were not formed in
their case. This might also interpreted the lack of complete and distinct interface under
low-cycle condition as we supposed. On the other hand, in the results of 4-cycle and 6-
cycle PEDOT, the estimated interface thermal conductance was lower than results of
Ashutosh Giri et al. It suggested the evolution of forming distinct interfaces since our
results were still higher than the half of 0.2 GW m2 K! (i.e. 0.1 GW m? K™! due to two
interfaces in perfect layer structure). Nonetheless, the exact interface thermal
conductance, G, and the thickness of pure PEDOT layers (or effective thickness) still
couldn’t be determined on this front; hence, more detailed analyses and structures had to
be tested to clarify the effect and mechanism of inserted PEDOT on suppressing the
thermal conductivity of superlattices.

As for electrical properties, the carrier concentration slightly increased in the
beginning but decreased as the cycle/thickness of PEDOT increases. This may resulted
from the existence of CI", which can serve as an n-type dopant for ZnO as F~ did in F-
doped ZnO, inside PEDOT. However, as the cycle/thickness of PEDOT increased, the
degree of carrier compensation, which occurred at the interfaces due to the p-type
conducting nature of PEDOT and n-type of ZnO (or HZO), became non- negligible.
Thus, the carrier concentration of superlattice decreased with the thickness of inserted

PEDOT layers but still remained n-type owing to great thickness (or volume) difference
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between HZO host layers and PEDOT insertion layers. Regarding the electrical

mobility, the electrical barrier and the depletion region at interfaces, which were due to

carrier compensation, blocked the transportation of carriers, hence the electrical

mobility decreased monotonically with the cycle/thickness of PEDOT. Overall,

thickening the inserted PEDOT deteriorated electrical conductivity of the superlattice.

Referring to the absolute value of Seebeck coefficient, it decreased initially but

increased as the cycle/thickness of inserted PEDOT increased. The decrement of the

absolute value of Seebeck coefficient might be originated from the serial/parallel

contribution provided by PEDOT, whose Seebeck coefficient was positive, therefore it

compensated the negative Seebeck coefficient of HZO. As the cycle/thickness of

inserted PEDOT increased, the electrical barriers became more established, such as the

energy band of PEDOT and depletion regions, thus the inserted PEDOT could enhance

the Seebeck coefticient through energy filtering effect. As the energy band alignment of

PEDOT and ZnO presented in Figure 4.13, the conduction band edge of PEDOT was

about 1 eV higher than that of ZnO and therefore energy filtering effect easily took

place at the artificial interfaces in our superlattices. Besides, the carrier compensation

also provided another route to enhance the absolute value of Seebeck coefficient since it

distorted the energy band and resulted in energy barriers and depletion regions at the

interfaces. Nonetheless, the improvement in the absolute value of Seebeck coefficient
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still couldn’t overcome the suppression of electrical conductivity, and therefore the

power factor decreased with the cycle/thickness of inserted PEDOT even though the

power of Seebeck coefticient was higher than that of conductivity in the calculation of

the power factor. Hence, although the thermal conductivity could be further decreased

through increasing the cycle/thickness of inserted PEDOT, the deteriorated power factor

might compensate the merit. Overall, the ZT of superlattice could be enhanced by a

factor of 7 through the insertion of 6-cycle PEDOT into mix 19:1 HZO host-layer

compared with undoped ZnO deposited by MLD system.
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Table 4.3: The electrical properties of ZnO and mixed HZO with varied insertion

periodicity of mixed doping layers.

n u o Seebeck PF
(<10%em-3)  (em’V's')  (Sem!)  (WVKY (10° W m K?)

Zn0O 3.28 30.58 160.7 -99.01+0.36 1.57

Mix 24:1 10.20 23.72 387.1 -65.294+0.27 1.65

Mix 19:1 12.85 21.65 4433 -63.01+0.27 1.76

Mix 14:1 14.78 19.61 463.7 -60.7910.51 1.71

Mix 9:1 21.06 16.14 541.6 -55.374+0.39 1.66

Mix 4:1 28.96 12.84 592.2 -50.831+0.44 1.53

Table 4.4: The thermoelectric characteristic of the HZO/PEDOT superlattice films with

varied periodicities of mix 19:1 HZO host layers.

n v c Seebeck PF K 7T
(10¥%em?®)  (em?V's!)  (Scem™) (uV K (10-4W m' K?) (Wm' K" (300K)
Mix 19:1 12.88 21.57 4452  -63.01+0.27 1.76 12.8+0.18 0.0041
2 periods 10.63 2.14 36.4 -63.49+0.98 0.15 3.3040.15 0.0013
4 periods 11.12 7.87 1402  -55.55+0.69 0.43 5.3540.10 0.0024
6 periods 11.48 17.81 327.6  -60.8610.75 1.21 11.534£0.22  0.0032
8 periods 13.02 21.28 4439  -62.59+0.80 1.74 11.8140.07  0.0044
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Table 4.5: The thermoelectric characteristic of the HZO/PEDOT superlattice films

composed of alternating 4 periods of mix 19:1 HZO and varied cycles of PEDOT.

n n c Seebeck PF K 7T
(10¥em?®)  (em?’V's?)  (Sem™) (uV K (1074W m! K?) (Wm'K™" (300K)
7ZnO 3.28 30.58 160.7  -99.014+0.36 1.57 3324032 0.0014
Mix 19:1 12.88 21.57 4452  -63.0140.27 1.76 12.840.18  0.0041
l-cycle
11.12 7.87 1402 -55.55+0.69 0.43 535+0.10  0.0024
w/o H202
1-cycle 12.72 13.75 2802  -58.96+0.85 0.97 5.63+0.17  0.0052
2-cycle 13.21 11.91 252.1  -59.14+0.75 0.88 4.65+0.13  0.0057
4-cycle 10.16 9.86 160.5  -67.8340.62 0.74 3.25+0.08  0.0068
6-cycle 9.82 8.81 1389  -72.1740.91 0.72 236+0.11  0.0092
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Figure 4.8: The XRD patterns of ZnO deposited by ALD and MLD systems.
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Figure 4.9: The mean grain size calculation of mix 19:1 HZO by Scherrer equation.

(a): 1-cycle PEDOT

(b): 6-cycle PEDOT

Figure 4.10: The cross-sectional TEM images of HZO/PEDOT superlattices with (a) 1-

cycle; (b) 6-cycle inserted PEDOT.
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Figure 4.11: The schematic illustration of superlattice-structure and series-resistance

model in our calculation.
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Figure 4.13: The schematic illustration of energy band alignment of PEDOT and ZnO.
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4.2 Polyaniline

In the development of depositing polyaniline thin films, two oxidants had been
utilized to deposit polyaniline, one was VOCIs and the other was SbCls. In both cases,
polyaniline thin films had been successfully deposited on silicon wafers and glass
substrates at 150°C.

Referring to VOCls system, aniline was heated to 55°C to obtain sufficient
concentration of molecules initially. However, the deposited films were only near 12 nm
which were hard to conduct analyses. For address this issue, we elevated the
temperature of aniline to 65°C for acquiring more vapor phase molecules; besides, the
exposure time of each precursor was prolonged from 3s to 5s for increasing reaction
probability. Although the growth rate indeed rose from 0.012 nm/cycle to 0.016
nm/cycle, the deposited films were still too thin to analyze and use practically. We
attributed the low growth rate to the low concentration of physisorbed and/or
chemisorbed VOCI; on the surface of substrate at 150°C owing to the highly volatile
characteristic of VOCls. Thus, it reduced the frequency of effective collision between
VOCI; and aniline

Considering increasing the physisorbed and/or chemisorbed oxidants, we selected
a new oxidant, SbCls, whose condensability was higher than that of VOCls, i.e. boiling

points are 175°C and 126°C for SbCls and VOCI3, respectively, to deposit polyaniline
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films. In this experiment, we set the temperature of SbCls at 75°C, 85°C and 95°C to
obtain three different amounts of vapor phase oxidant molecules. It turned out that the
growth rate rose as the temperature of SbCls increased, and the growth rate of each is
listed in Table 4.6. For further analyze deposited polyaniline thin films, we decided to
set the temperature of SbCls at 95°C, at which the growth rate was the highest, to
deposit films with adequate thickness on silicon wafers and glass substrates. The
photograph of ~15 and ~30nm polyaniline thin films on glass substrates is shown in
Figure 4.14. As for Figure 4.15, it is the FTIR spectrum of ~30nm polyaniline on silicon
wafer. Although, some peaks in FTIR couldn’t be identified, the FTIR spectrum
confirmed the formation of polyaniline, and especially the quinoid and benzenoid peaks
in FTIR revealed the formation of conjugated chain which are at 1577 and 1490 cm™!,
respectively.

To sum up, we successfully demonstrated the deposition of polyaniline via MLD
technique, the growth rate was quite low which reduced the practicability; moreover, the
deposited films were insulated, which might be originated by the unfavorable
oxidant/monomer ratio. Therefore, polyaniline deposited by MLD technique couldn’t be

used in developing metal oxide/polymer superlattice thermoelectric materials.
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Table 4.6: The relevance of polyaniline growth rate on the temperature of SbCls.

SbCls temperature(°C) Thickness (nm) Growth rate ( nm / cycle)
75 12.9 0.013
85 24.6 0.025
95 28.8 0.029

blank ~15nm ~30nm

Figure 4.14: The photograph of 15 and 30nm polyaniline thin films on glass substrates.
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Figure 4.15: The FTIR spectrum of ~30nm polyaniline.
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4.3 Polythiophene

In the beginning, we set the deposition temperature at 150°C to match up the ALD
Zn0O/doped ZnO deposition process, but nothing formed even the deposition cycles
were increased to 1000 cycles. Since Lau et al. stated that 5°C is the optimized
deposition temperature in their oCVD system with the same precursors as ours, and an
increase in substrate temperature by 2°C significantly reduces the deposition rate®*.
Based on this contention, we lowered the deposition temperature to increase the growth
rate and the temperature was set at 60°C, which is the lower limit temperature for our
system, to prevent contamination. Nonetheless, we still failed to deposit polythiophene
films. For clarifying the origin of failure, in-situ QCM was utilized to monitor the
growth of polythiophene. In this experiment, we dosed thiophene twice in one cycle to
increase the reaction probability, i.e. VOCI3—> thiophene—> thiophene, and then repeated
this sequence. Figure 4.16:6(a) shows that VOCI3 molecules were able to physisorb onto
the surface of QCM, but the number of physisorbed molecules decreased over time
since the N2 flow purged the surface of QCM. On the other hand, the downward peaks
appeared as thiophene was introduced into reaction chamber and then returned to the
desorption patterns of VOCIl3, which can be seen in Figure 4.16:6(b). We assumed that
the results might refer to the evidence of no chemisorption even physisorption of

thiophene molecules onto the surface of VOCI3, and the downward peaks came from the
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response of QCM to the pressure and/or temperature fluctuation while dosing thiophene
molecule. To verify this supposition, we increased the flow rate of N2 transiently to
mimic the pulse of thiophene. Figure 4.16:6(c) reveals the downward peaks indeed
represented the pressure and/or temperature fluctuation during process. In conclusion,
we thought that the extremely volatile characteristic of thiophene, i.e. vapor pressure is

~150 mmHg at room temperature, was unfavorable to deposit polythiophene in our

system.
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Figure 4.16: The in-situ QCM results (a) deposition of polythiophene while pulsing

thiophene twice; (b) pulse VOCI3 alone; (c) increasing N2 flow rate transiently.
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4.4 Summary

In this chapter, we investigated the deposition of conducting polymers through
MLD technique, in which two conducting polymers, i.e. polyaniline and PEDOT, were
successfully deposited. Especially, PEDOT showed a relatively high deposition rate
(growth rate), 0.3 nm/cycle. It ensured the practicability of this MLD process to deposit
PEDOT films in any thickness. Furthermore, the electrical conductivity of our PEDOT
films were over 400 S cm™!, which can compete with those synthesized by traditional
solution process. These two merits ensured the practicability of MLD-deposited PEDOT
in a variety of applications and researches. Moreover, the thermal conductivity of
PEDOT was extremely low, only 0.19 W m™! K!, so it was able to provide a
considerable thermal resistance in the following research, the thermoelectric
performance of metal oxide (HZO) / polymer (PEDOT) superlattices.

Next, the interface-engineering was explored to integrate ALD-HZO and MLD-
PEDOT processes to deposit HZO/PEDOT superlattice. In this part, the growth
mechanism of PEDOT on the surface of ZnO was studied to ensure the growth of
PEDOT under few cycles of deposition. Besides, the modification of PEDOT/ZnO
interfaces was implemented to improve the growth of incoming ZnO (HZO). Overall,
after conducting interface-engineering, the mass gain of the first-cycle ZnO on the

surface of PEDOT was enhanced by a factor of 4 and the electrical conductivity of
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deposited superlattice was increased from 39.4 S cm™ to 280.2 S cm.

Lastly, the thermoelectric properties of HZO/PEDOT superlattices were studied.
Regarding thermal conductivity, although the complete organic/inorganic interface
might not form in any of the tested structures based on our modeling, the thermal
conductivity was reduced intensely due to the considerable interface thermal resistances
(two interfaces and intrinsic thermal resistance) provided by the inserted PEDOT layers.
Besides, the insertion of PEDOT could increase the absolute value of Seebeck
coefficient due to energy filtering effect. The increased absolute value of Seebeck
coefficient was able to compensate the loss in the electrical conductivity. After testing
various periodicities and thicknesses of inserted PEDOT, the optimal structure of
superlattice was determined to be alternating 4 periods of mix 19:1 HZO and 6 cycles of
PEDOT, and the maximum improvement in ZT was about ~700% over that of the

undoped ZnO.
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Chapter 5

Long-term stable gas barrier

As described in section 1.8.4, the superlattice-based gas barriers developed by our
group before suffered from a poor long-term stability due to the hydrolytic reaction of
PA32 in the superlattice. Hence, the depositions of several anti-hydrolysis polymers
were developed to act as the substituents in the superlattice-based gas barriers. In our
research, the depositions of two polyamides were demonstrated successfully, and thus
the discussion on the depositions of polyamides and gas barrier performance of
HfOs/polyamide superlattice were stated first. After that, the discussion of the

deposition of polyester, which we also attempt to develop, were stated.

5.1 The deposition of polyamide

Three sets of precursors, MC with piperazine, MC with 1,8-diaminooctane and
terephthaloyl chloride with ED, were examined for depositing polyamide films. The
structure of precursors, polymers and deposition temperatures are summarized in Table
5.1. As for the temperature precursors and deposition parameters, they are listed in
section 2.1.5.

134

doi:10.6342/NTU202000015



First, the QCM results by the usage of MC and piperazine are shown in Figure

5.1. At 100°C. The mass gain was unstable and small, which can be observed in Figure

5.1 (a). Enlightening from the deposition of polyesters, we suspected that the mass gain

might result from the self-condensation of MC monomers only. Thus, the deposition

temperature was elevated to 120°C to promote the reactivity between precursors. It is

worthy of note that the exposure of MC and piperazine were introduced and set at 10

seconds; besides, to remove redundant precursors and byproducts, the purge times of

MC and piperazine were prolonged to 40 and 150 seconds, respectively,. However, the

mass gain reduced obviously, which can be seen in Figure 5.1 (b). The results indicate

that the mass gain at 100°C was attributed to physisorption of piperazine and self-

condensation of MC. On the other hand, the mass gain at 120°C was due to self-

condensation of MC mostly since the physisorption was suppressed at elevated

temperature even with the exposure of piperazine monomers. Therefore, we failed to

deposit polyamide films by the usage of MC and piperazine.

Next, the result of the combination of MC with 1,8-diaminooctane is discussed. It

is noteworthy that the extremely long purge times utilized in this process did not

dedicate to remove redundant precursors and byproducts as usual; instead, long purge

times were considered as the waiting time for acquiring sufficient vapor-phase 1,8-

diaminooctane molecules due to its low evaporation rate. As shown in Figure 5.2 (a),
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which is the QCM result at 120°C deposition temperature, the mass gain also decreased

with deposition cycles, hence the termination reaction still existed in this process.

However, the value of mass gain was quite larger than that in previous works, i.¢.

polyester and polyamide by MC and piperazine, which suggested the growth of

polyamide by the usage of MC and 1,8-diaminooctane. To avoid the occurrence of

termination, we lowered the deposition temperature to 100°C to suppress the mobility

and flexibility of 1,8-diaminooctane molecules and further prevent the double reaction.

As a consequence, the QCM results in Figure 5.2 (b) and Figure 5.3 show that the mass

gain was raised and much steadier even the deposition-cycle was over 100. In fact, the

polyamide films, which were about 20 nm in thickness, were obtained after 100-cycle

deposition; namely, the growth rate of this process was around 0.2 nm/cycle at 100°C.

Besides, the FTIR spectrum of the deposited film, which is shown in Figure 5.4,

confirmed the formation of polyamide in this MLD process.

Last, the result of the third set of precursors, terephthaloyl chloride with ED, is

stated below. In the QCM result, which is presented in Figure 5.5, it could be observed

that the mass gain decreased with the deposition cycle but it was still considerable. To

rule out the self-condensation of each precursor, the multiple pulse of single precursor,

1.e. pulse terephthaloyl chloride or ED on the surface of each other repeatedly, was

carried out. In Figure 5.6, two facts are concluded, one is that self-condensation of ED
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molecules is absent; the other is that the self-condensation of terephthaloyl chloride

exists but not obvious. With the above results, we concluded that the growth of

polyamide by the usage of terephthaloyl chloride and ED suffered from the issue of

termination. Thus, the re-nucleation layers, i.e. 2-cycle Al2O3, were inserted for every

10-cycle polyamide to provide new reaction sites for precursors. The QCM result of

polyamide with re-nucleation layers is presented in Figure 5.7, in which the mass gain

was consistent without any decay; in fact, the thickness of polyamide film after 100-

cycle deposition was about 19 nm and the refractive index of obtained film was ~1.57.

As previous work, the FTIR spectrum shown in Figure 5.8 was utilized to confirm the

growth of polyamide films.

To sum up, in this section, we state the development of anti-hydrolysis polymers,

in which two types of polyamide were successfully deposited by MLD technique. For

convenience, the polyamide deposited by the usage of MC and 1,8-diaminooctane was

named as PA38(Poly(imino-(1,3-dioxotrimethylene)-iminooctamethylene)), and the

other polyamide, whose precursors were terephthaloyl chloride and ED, was called as

PAb2 (Poly(imino-carbonyl-1,4-phenylene-carbonyl-iminoethylene)) in the rest

dissertation.
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Table 5.1: The structure of precursors, polymers and deposition temperatures in the

deposition of polyamides.

Deposition Precursor Precursor
. . . Polymer
temperature (dichloride) (diamine)
o) o) i
Type I 100/120 °C /“\/“\ H/_\H /\
Cl Cl \_/ k/N
o) o) ,
i ‘ i
Type 2 100/120 °C /H\/U\ "AAAN, J[ \N\/W]L
cl o n
) o - o\\C C//o
Type 3 120 °C CI>—©—<I NG v / ENA\'NH
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Figure 5.1: The QCM results by the usage of MC and piperazine in deposition of

polyamide at varied deposition temperature (a) 100°C; (b) 120°C.
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Figure 5.2: The QCM results by the usage of MC and 1,8-diaminooctane in deposition

of polyamide at varied deposition temperature (a) 120°C; (b) 100°C.
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Figure 5.3: The QCM results of 100-cycle polyamide deposited by the usage of MC and

1,8-diaminooctane at 100°C. The inset is the zoom-in of the mass gain at latter cycles.
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Figure 5.4: The FITR spectrum of polyamide deposited by the usage of MC and 1,8-
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Figure 5.5: The QCM result by the usage of terephthaloyl chloride and ED in deposition

of polyamide at 120°C.
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Figure 5.7: The QCM result of polyamide by the usage of terephthaloyl chloride and ED

with re-nucleation layers.
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Figure 5.8: The FITR spectrum of polyamide deposited by the usage of terephthaloyl

chloride and ED.
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5.2 The gas barrier performance of polyamide and HfO;/polyamide
superlattice

In this section, the performance of gas barrier composed of alternating HfO2 and
anti-hydrolysis polymer is demonstrated. Although two types of polyamides were
successfully deposited, i.e. PA38 and PAb2, only PAb2 was selected in the
demonstration since the extremely long process time limited the practicality of PA38 in
the deposition of superlattice-based gas barrier.

First, the anti-hydrolysis performance of PAb2 was examined. In this experiment,
10 nm of PAb2 and PA32, which was also developed by our group and deposited by the
usage of MC and ED as precursors, were deposited on the PI substrates to conduct the
damp-test (85°C, 85%RH, 36 hours), and the HeTR of samples (PAb2, PA32 and PI
substrate) before and after damp-test are summarized in Table 5.2. In the results, the
increasing HeTR of deposited polymer films was mainly attributed to the hydrolysis
and/or swelling of our MLD-deposited polymer films since the HeTR of the blank PI
substrate was almost unchanged. In the comparison between PAb2 and PA32, the
increment of PAb2 was less than that of PA32, which confirmed the improved stability
of PAb2 under damp condition.

As for the performance of superlattice-based gas barrier, the structure was designed

as alternating 20 cycles of HfO2 with 20 cycles of polymer and repeating 9 times, in
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which the thickness of each layers was based on the optimal structure developed by our

previous work done by Ming-Hung Tseng, Ph.D.; however, repeating-time was set

arbitrarily on this front. It is noteworthy that the deposition settings of PAb2 were

modified to achieve high uniformity, i.e. multiple pulse (2 times) of terephthaloyl

chloride and 25 s exposure of each step, the results are also listed Table 5.2. After

modification, the variation in the measured HeTR of deposited gas barriers in the same

batch was substantially reduced.

Regarding the WVTR, the lower WVTR of HfO2/PAb2 superlattice-based gas

barrier compared with HfO2/PA32 indicated that the usage of PAb2 prevented the

hydrolysis/swelling of polymers and then slowed down the collapse of the superlattice

due to the anti-hydrolysis property even the WVTR test was implemented under 100%

RH condition. Thus, the gas barrier performance was maintained. Based on this result, it

verified our concept that the superlattice-based gas barrier, which contained anti-

hydrolysis polymer, exhibited an enhanced long-term stability. Hence, the structure of

superlattice, including the thickness of each layer and repeating times, could be further

optimized to reduce the WVTR to realize the goal of long-term stable gas barrier for

versatile electronics.
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Table 5.2: HeTR of varied samples before/after damp-test (85°C, 85%RH, 36 hours)

and WVTR of superlattice-based gas barrier. The unit of HeTR and WVTR is cc day!

m2 and g day”! m™, respectively.

Before After WVTR

PI substrate 2000 2000 22.1
PA32 98 320 N/A
PAb2 103 227 N/A

HfO2/PAb2
2.56~19.82 N/A N/A

without modification

HfO2/PAb2

2.26 N/A 5.8
with modification

HfO2/PA32 2.09 N/A 12.7
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5.3 The deposition of polyester

To monitor the growth of polyester with the usage of MC and EG as precursors,
QCM analyses were utilized in the development of depositing polyester films. First, we
set the temperature of reaction chamber at 150°C arbitrarily. The QCM results of varied
pulse time of EG are presented in Figure 5.9, in which it could be discovered that the
growth of polyester slowed down rapidly after the initial cycles regardless of the pulse
time of EG. To clarify the growth mechanism, we elevated the temperature of chamber
from 150°C to 180°C to exclude the probability of lack of reactivity between MC and
EG. The QCM result is shown in Figure 5.10. Unfortunately, the growth still terminated
rapidly. Therefore, the result might indicate the termination of MLD-deposited polyester
since the flexible backbones of MC and EG molecules enabled the occurrence of double
reaction, whose schematic illustration is presented in Figure 5.11'%; thus, subsequent
monomers had fewer reaction sites with which they can react gradually. As for the
minute quantity of mass gain at latter cycles, it might result from the renucleation
process due to the physisorbed precursors and/or the self-condensation of MC
monomers. The reaction mechanism of the self-condensation of MC monomers is
shown in Figure 5.12. % In conclusion, we thought the growth of polyester with MC

and EG as precursors was hard to fulfill by MLD technique.
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Figure 5.9: The QCM results of varied pulse time of EG (a) 0.02 s; (b) 0.10 s. The insets
are the mass gain at latter cycles.
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Figure 5.10: The QCM result of polyester at 180°C with 0.02 s pulse of EG.
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Figure 5.11: The schematic illustration of single and double reaction in MLD.
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Figure 5.12: The reaction mechanism of the self-condensation of MC monomers.
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5.4 Summary

In this chapter, we aimed to develop a long-term stable gas barrier by depositing
the superlattice composed of HfO2 and anti-hydrolysis polymer. Thus, the study started
with the development of anti-hydrolysis polymers deposition by MLD technique, in
which one polyester and three types of polyamides were tested. Luckily, the depositions
of two polyamides by MLD were successfully demonstrated, i.e. PA38 and PAb2.
Between these two polyamides, only PAb2 was selected as the basis material in the
deposition of superlattice-based gas barrier with HfO2 due to its shorter process time. As
a result, both the pure PAb2 films and the HfO2/PAb2 superlattice showed an enhanced
long-term stability under humid condition in comparison with the property of PA32 and
HfO2/PA32 superlattice. Therefore, the concept of promoting the long-term stability of
superlattice-based gas barrier by the usage of anti-hydrolysis polymer as basis material

was verified.
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Chapter 6

Conclusions

In this dissertation, the development of superlattice-based thin films deposited by
ALD was studied. In the first part, we focused on the enhancing ZT of the inorganic
superlattice thermoelectric material. We have explored the roles of dopants as both
carrier-inducing and phonon-scattering components in metal oxide superlattice. We
determined that the heavier elements with similar ionic radii to the cation in the host
metal were the better doping ions. Because they produced the great mass difference to
impede the transportation of phonons while preserving the crystallinity to maintain high
electrical mobility. Besides, optimization of the thermoelectric performance by using a
combination of the conventional and mixed ALD doping processes had the benefits of
the heat blocking from the conventional process and the excellent electrical properties
from the mixed process. After systematic investigation, we concluded that the
superlattice, which was composed of two periods of mix 24:1 and 7-cycle conventional
HfO2, possessed the optimal performance, i.e. about 13-fold enhancement on ZT
compared to undoped ZnO.

We also investigated the effects of introducing the 80 isotope into the Hf-doped
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Zn0 (HZO) on its thermoelectric performance experimentally for the first time. We
determined that the optimal pattern of 80 distribution was alternating 4.5 nm of '30-
containing HZO layer with 4.5 nm of '°O-containing one, resulting in a 20% further
increase in ZT.

In the second part, we started with the exploration of the deposition of conducting
polymers via MLD technique, in which the depositions of polyaniline and PEDOT were
successfully demonstrated. After that, PEDOT was selected as basis material in the
deposition of novel ALD metal oxide/polymer superlattice films. In this research, the
unique inorganic/organic interfaces provided following merits to further increase the
thermoelectric performance of superlattice-based materials, such as increasing
interfacial scattering of phonons, improving the electrical carrier filtering and offset
electrical DOS symmetry via band distortion. After testing various periodicities and
thicknesses of inserted PEDOT, the optimal structure of superlattice was determined as
alternating 4 periods of mix 19:1 HZO and 6 cycles of PEDOT, and the maximum
improvement in ZT was about ~700% over that of the undoped ZnO.

In the last part, another application of superlattice-based material deposited by
ALD was verified. In the research of long-term stable gas barrier, the anti-hydrolysis
polymers were deposited. As a result, both the pure PAb2 films and the HfO2/PAb2

superlattice showed an enhanced long-term stability under humid condition. Therefore,
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the concept of the promoting gas barrier performance by the usage of anti-hydrolysis

polymer as basis material was confirmed by this research.

Through this dissertation, we aim to investigate the mechanisms of enhancing

thermoelectric performance of superlattice-based materials, which are also applicable to

the development of other types of ALD TE films. Furthermore, we also intend to

explore and verify the variety of application of ALD-deposited superlattice materials.
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Appendix

Nanoporous materials

To set up the deposition process of alucone, the QCM analysis was utilized to
monitor the growth of alucone as demonstrated previously. Figure A.1 presents the
QCM result of alucone with varied exposure time of EG. First, the positive and
consistent MGPC indicated the formation of alucone under set condition and linear
growth, i.e. without termination, in this process. As for the discrepancy between the
MGPC with varied exposure time of EG, it suggested that the low reactivity between
the methyl groups, which were exposed at the surface after the pulse of TMA, and
hydroxyl groups on the EG molecules. Hence, the exposure of EG was utilized to
prolong the reaction time and increase collisions between EG molecules and surface
reactive species.

However, the extremely long exposure time, i.e. 15 s in our result, was
unfavorable to deposit pure alucone since the hydrogen bonds between EG molecules
made it hard to eliminate redundant EG from the surface. Thus, the moderate exposure
time, i.e. 5 s, was considered as a proper setting. In fact, the deposition temperature was
also elevated from 105 °C to 135 °C, the MGPC with 15 s exposure time of EG

decreased from 114.5 ng cm™ to 103.9 ng cm™. This result confirmed that the increment
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of MGPC was partially attributed to physisorbed EG molecules, which were able to be

removed at elevated temperature easily. Nonetheless, although the pure alucone could

be obtained at elevated deposition temperature, the deposition temperature was still set

at 105 °C to cater for most of plastic substrates.

After verifying the growth of alucone by QCM analysis, 300 cycles of alucone

thin films without/with 5 s exposure of EG and were deposited on Si-wafer to further

confirm the growth of alucone by ellipsometry and scanning electron microscope. As

observed by QCM analyses, the growth of alucone without the exposure of EG was

much slower than that with 5 s exposure of EG, so the thickness of deposited films were

about 33 nm and 60 nm, respectively; namely, the growth rate per cycle could be

increased from 0.11 nm/cycle to 0.2 nm/cycle by prolonging the exposure time of EG.

The cross-sectional SEM images of alucone film with the exposure of EG are presented

in Figure A.2.

Compared with reported values, the reported growth rates are 0.22~0.26 nm/cycle

and 0.17~0.19 nm/cycle at 100 °C and 130 °C, respectively; therefore, the growth rate

in our result was reasonable, i.e. ~0.2 nm/cycle at 105°C. Besides the growth rate, the

refractive index of our alucone films, 1.45~1.51, also tallied with reported value, about

1.5. With these verification, we concluded that the deposition of alucone was

established successfully in our MLD system.
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For verifying the effect of low-temperature pyrolysis process we developed, TGA

analysis was implemented to estimate carbon-residue in alucone films after annealing.

Figure A.3 is the TGA result of the core-material, S102 nanoparticles. It interpreted that

there was no obvious mass-change of SiO2 nanoparticles in the test window, i.e. 0~400

°C, hence the mass-change of SiO2/alucone core-shell particles could be only attributed

to the deposited shell-material, alucone.

First, the TGA results of the SiO2/alucone core-shell particles with the 100 sccm

O2 flow are presented in Figure A.4. In Figure A.4 (a), it revealed that the carbon-

segments in alucone films could be removed completely at 450 °C within an hour.

However, when the holding temperature decreased to 250 °C, the carbon-segments were

not able to be eliminated entirely with the same annealing time, which can be observed

in Figure A.4 (b). In Figure A.4 (c) and (d), as the holding temperature lowered to 120

°C, at which most of plastic substrates are stable, the carbon-residue inside the alucone

after annealing was estimated 70~75% even the annealing time was prolonged to 2

hours. Comprehensively, the results established that the pyrolysis of carbon-segments in

alucone was hard to implement at low annealing temperature under oxygen-contained

atmosphere.

To address this issue, we developed the low-temperature pyrolysis process, in

which the SiO2/alucone core-shell particles were exposed to water vapor at varied
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temperature but the same absolute humidity, i.e. 60°C, 99% RH and 90°C, 30% RH;

besides, the Si02/alucone core-shell particles were also soaked into water at room

temperature directly to clarify the hydrolysis of alucone. After holding in water

vapor/water, the TGA analysis was also applied to the core-shell particles to evaluate the

effect of carbon-elimination of our low-temperature pyrolysis process, and the results

are shown in Figure A.5. The results indicated that the carbon-segments could be

eliminated with the assistance of water vapor/water on a certain level, which was

estimated as 70% and 60% for water vapor and water, respectively. Nonetheless, it is

noteworthy that the holding times in water vapor and water were 1 day and 5 days,

respectively; hence, the effect of water vapor was superior to that of water. As for the

influence of temperature, we concluded that it was much effective to remove carbon-

segments in alucone at elevated temperature with the same absolute humidity.

Although the carbon-segments couldn’t be eliminated completely, it is still

noticeable that the process temperature was only 90°C, which is tolerable to the

common plastic substrates. However, based on our results, we deemed that the effect of

low-temperature pyrolysis process could be further enhanced, i.e. reducing carbon-

residue and holding time, by increasing the process temperature slightly and tuning the

absolute humidity of circumstance.
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Figure A.1: The QCM result of alucone with varied exposure time (a) without; (b) 5 s;

(c) 15 s of EG deposited at 105 °C. In the figure, the y-axis represents the mass gain,

and the unit is ng/cmy; the x-axis is the time whose unit is second.
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Figure A.2: The cross-sectional SEM images of alucone film with the exposure of EG.
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Figure A.3: The TGA result of the SiO2 nanoparticles.
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Figure A.4: The TGA results of the SiO2/alucone core-shell particles.
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Figure A.5: The TGA results of the SiO2/alucone core-shell particles after varied low-

temperature pyrolysis process.
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Other data

Table A.1: The electrical properties of HZO after annealing in H2/Na.

An (%) Au (%) Ao (%)
200°C 15m 0.6 3.8 45
300°C 5m 2.9 0.3 2.6
350°C Im -24.0 438 27.6
350°C 3m -17.6 -13.6 -28.9
350°C 5m 31.6 -33.0 -54.1
450°C 1m -38.4 71.1 -82.2
450°C 3m -64.7 -53.2 -83.5
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Table A.2: The electrical properties of HZO after annealing in No.

An (%) Au (%) Ao (%)
350°C 5m -17.181 ~17.642 -31.753
350°C 3m -0.382 4129 -4.646
300°C 10m 27.202 -31.868 -13.333
300°C 5m 3.742 -4.259 -0.572
300°C 3m -0.249 0.964 0.634
300°C Im 1.480 3315 3373
250°C 10m 0.797 -20.529 -7.702
200°C 10m -7.735 -0.598 -8.180

170

doi:10.6342/NTU202000015



th th
n" cycle n" cycle

Mass
MGPC
Mass

MGPC

T T T
T 4 T T T T T T T
° 200 400 0 50 100 150 200

time (s) time(s)

Figure A.6: (a) The multiple pulse of SbCls on the DEZn surface; (b) The multiple pulse
of DEZn on the SbCls surface. The deposition settings: SbCls: 0.1/0/30; DEZn:
0.05/0/20. In Figure A.6 (a), it shows that SbCls was able to adsorb on the DEZn surface
and react with the surface reactive species. As for the decreasing MGPC, it may
interpret that the decreasing reaction sites for SbCls and/or the self-condensation of
SbCls at the latter cycles. In Figure A.6 (b), it reveals that only the first pulse of DEZn
possessed a positive mass gain on the surface of SbCls. Comprehensively, it seems that

there 1s not a self-limited mechanism in the reaction between SbCl15 and DEZn.
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Figure A.7: The second run of the QCM result. (a) The multiple pulse of SbCls on the
DEZn surface; (b) The single pulse of DEZn on the SbCls surface. The deposition

settings: SbCls: 0.1/0/30; DEZn: 0.05/0/20. By comparing Figure A.6 (b) with Figure
A.7 (b), it reveals that the multiple pulse of DEZn indeed eliminated substances from

the surface of QCM crystal.
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Figure A.8: The third run of the QCM result. (a) The multiple pulse of SbCls on the
DEZn surface; (b) The single pulse of DEZn on the SbCls surface. The deposition
settings: SbCls: 0.1/0/30; DEZn: 0.05/10/30. The exposure of DEZn cannot remove

substances as the multiple pulse of DEZn did in previous run (shown in Figure A.7 (b)).
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Figure A.9: The QCM result of the reaction by the usage of DEZn and SbCls. The
deposition settings: SbCls: 0.1/0/30; DEZn: 0.05/0/20. In this figure, it shows that
reaction could be continued all the time. However, the MGPC and the QCM pattern

might change as the deposition cycles increased.
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