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ABSTRACT

The doctoral thesis encompasses two thematic research topics and one supplementary
thermoelectric (TE) characterization technique. The two research topics focus on the
study of low-dimensional thermoelectric and topological superconducting properties. The
former is on thermoelectric Bip5Sbi.sTes thin film, and the latter is on Sb,Tes nanoflakes.
The thermoelectric characterization technique is used to measure the thermoelectric
performance of a single-leg AgSbTe, device.

The study on thermoelectric Bio.sSbi.sTes thin film aims to examine the ZT enhancement
through the decoupling of the transport properties of electrons and phonons. A series of
Bio.5Sb.5Tes thin films with thicknesses of 0.125, 0.25, 0.5, and 1 um were fabricated by
RF sputtering. Detailed microstructural analysis revealed that the growth morphology of
the films is highly correlated with the film thickness. Notably, the 0.5 pm film achieved
a power factor of 18.1 pWem™' K2 at 400 K and a thermal conductivity as low as 0.3 Wm"
'K!, resulting in a maximum figure of merit ZT of 1.86 near room temperature.

In the study of Sb.Tes nanoflakes, a series of ultrathin films grown on silicon nitride
substrates with thicknesses ranging from 5 to 27 nm were fabricated. This research was
conducted in collaboration with Po-Hao Chou, Chung-Yu Mou, et al., based on their
proposed theory and calculations. A new class of topological superconductivity was
formed by inter-surface pairing of surface electrons in the thin topological insulators. This
study demonstrated that SboTes nanosheets are bonded through van der Waals forces in
the a-b planes, layer-by-layer. Our results indicate that the pairing symmetry due to the
coupling of inter-surface Dirac cones is unambiguously dominated by the spinful p, +

ipy pairing and forms a new class of topological superconductors.

This supplementary information pertains to the study of thermoelectric device efficiency.
il

doi:10.6342/NTU202404294



Instead of measuring separate TE properties to calculate the ZT value, the most reliable
way to characterize the performance of a TE material is to directly measure its output
power to gain efficiency. The study utilized the four-point probe method to measure the
thermoelectric conversion efficiency on a single-leg AgSbTe device as an example. This
four-point probe method can effectively reduce the influence of line and contact resistance
during measurements. At a temperature difference of 156 K, the sample exhibited a power
output of 6.4 mW, corresponding to a conversion efficiency of 2.1%, which is consistent
with the ZT value obtained from conventional individual TE parameters.

In summary, this thesis provides important scientific insights and technological
breakthroughs for the design and fabrication of low-dimensional high-performance
thermoelectric systems. Through the development of these advanced materials, we are
moving towards achieving high-efficiency thermoelectric performance technologies,
laying a solid foundation for the realization of future sustainable energy solutions.
Additionally, this research demonstrates a new class of topological superconductivity in
ultrathin single-crystal SbyTes nanoflakes, offering a new direction for topological

material studies.

Keywords: Thermoelectric materials, Thermoelectric devices, Thin films, Nanoflakes,

Topological materials.
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Chapter 1 Introduction of Thermoelectricity

1.1 Thermoelectric Fundamentals

Energy is crucial for humanity and drives rapid industrial and technological
growth, promoting development in all areas. However, global warming has become the
most urgent concern, and energy calamity is worsening because of the combusting
fossil fuels. Increased energy use and heavy reliance on non-renewable fossil fuels drive
the economy and sustain daily life, leading to an excessive imbalance between supply
and demand. This imbalance has caused an energy crisis, with global energy usage
expected to treble by 2050 despite daily increases. As a result, it is essential to increase
global energy production rates while also considering the various environmental
problems the world is facing. Studies have demonstrated the need for alternative energy
sources and innovative technologies that use our current supply of fossil fuels as
efficiently as possible. This need has initiated extensive research for the alternate energy
sources and various waste heat conversion technology. Thermoelectric materials have
emerged as a promising solution, capable of transforming industrial waste heat into
consumable energy and vice-versa. This cost-effective and environmentally friendly
energy-conversion technology operates in a solid-state manner, without moving parts

or chemical interactions, offering a long lifespan of dependable, maintenance-free

doi:10.6342/NTU202404294



operation. Thermoelectric materials [1-5] are particularly relevant in the search for
alternative renewable energy sources such as solar cells and wind power. They
encompass three distinct effects, together known as "thermoelectric effect" which

consists of three parameters called Seebeck, the Peltier, and the Thomson effect.

1.2 Basic Concepts of Thermoelectric

1.2.1  The Seebeck Effect

The Seebeck Effect [6] occurs when a temperature difference between two different
conductors or semiconductors materials causes an electric potential. This phenomenon
happens when temperature dissimilarities induce charge carriers in materials (such as
electrons or holes) diffuses from the hot to the cold side, resulting a voltage.

The Seebeck coefficient (S) is defined as ratio of the generated voltage differential to

the temperature gradient across the material. Mathematically, it is written as:

s__AV_ V-V,
AT T,-T, W

Here S is Seebeck coefficient, typically calculated in volts per kelvin (V/K). AV is the

voltage difference generated between the two points. AT is the temperature difference

between those two points. The Seebeck coefficient is a measure of the magnitude of an
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induced thermoelectric voltage in response to a temperature difference across a material.

B

Cur%
A

Fig.I.1. 1 The Seebeck effect
1.2.2  The Peltier Effect
Peltier Effect [7] is a thermoelectric phenomenon was caused by the heating or
cooling at the junction of two dissimilar conductors or semiconductor material when an
electric current flows across them. Electric current (I) runs from one conductor A to
another B, the junction absorbs or releases heat, depending on the current's direction
and the materials involved. This effect can be described by the following equation:
Q:(ﬂ-A_ﬂ-B)I ()
Where Q is the rate of heat generation or absorption at the junction and 74 and 7 are
the Peltier coefficients of conductors A and B, respectively. The Peltier coefficient
represents the amount of heat carried per unit charge by an electron or hole in a material.

1 is the electric current flowing from conductor A to conductor B.
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T,-AT T,+AT

Current

A

Fig.I.1. 2 The Peltier effect

1.2.3  The Thomson Effect

Thomson Effect is a thermoelectric phenomenon observed in a homogeneous
conductor carrying an electric current and subject to a temperature gradient. Contrasting
to Seebeck and Peltier effects involve thermocouples (junctions of two different
materials), whereas Thomson Effect occurs within a one material. It describes the
absorption or release of heat along the length of the conductor due to the presence of
both an electric current and a temperature gradient. When an electric current passes
through a conductor with a temperature gradient, heat is either absorbed or released

depending on the current's direction relative to the temperature difference.

AT
A L i
Q=p3"-u AX 3)

p 1s the electrical resistivity of the conductor. J is the current density. AT/AX is the
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temperature gradient along the conductor. u is the Thomson coefficient of the material.

e

VT

metal or Semiconductor

Fig.I.1. 3 The Thomson effect

1.2.4  The Figure of Merit (ZT)

The figure of merit [1,8,9] is a dimensionless factor (ZT) used to characterize the
performance of thermoelectric materials. This is a crucial indicator of a material's
efficiency in converting heat energy into electrical energy and vice-versa. ZT is defined

as below equation:

 S%T_ ST
K PK

ydl

“
Here S is the Seebeck coefficient, p is the electrical resistivity, representing the
opposition to the flow of electric current in a material, T is absolute temperature at
which material was operating. « is the thermal conductivity.

The term S%/p is called as power factor. It represents the material's ability to generate
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power per unit volume. High power factor values indicate that the material can

efficiently convert thermal energy to electrical energy, which is critical for high-

performance thermoelectric devices.

1.2.5 The Thermoelectric Devices

Thermoelectric devices [1] are typically composed of 2 distinctive types of

semiconductor material:

P-type materials: The primary charge carriers in these materials are holes (positive

charges). When a temperature difference exists, the hole’s interchange from the hot

region to the cold region, generating an electromotive force.

N-type materials: The primary charge carriers in these materials are electrons (negative

charges). When a temperature difference exists, the electrons travel from the hot side to

the cold side, generating an electromotive force.
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Fig.I.1. 4 Schematic representation of a thermoelectric module for (a) power

generation and active refrigerator mode

Thermoelectric generators [4-8] utilize the Seebeck to convert heat energy into
electrical energy. When one end of the P-type and N-type materials is at a high
temperature and the other end is at a low temperature, the charge carriers in both

materials move, creating a voltage. This voltage can be used to drive an electric current,

thereby generating electricity.

1.2.6  The Thermoelectric Efficiency
Thermoelectric efficiency is parameter is used to measure the performance of

thermoelectric material and devices, depending on material's (ZT) and operating

8
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conditions. By improving materials, optimizing thermal management, and enhancing
device design, thermoelectric efficiency can be significantly increased, leading to
efficient energy utilization and sustainable development. The efficiency [1] can be

calculated by the below formula:

T,-T. +zT-1

nm= 5
T l+zT+L ©
TH

n is the thermoelectric efficiency. Ty is the absolute T of the hot end. Tc

is the absolute T at the cold end.

1.3 Factors involved in Thermoelectric

From section 1.2.4, it is known that thermoelectric performance is influenced by
several key factors. Understanding these factors is crucial for improving the efficiency
of thermoelectric energy conversion. By optimizing the resistivity, Seebeck, and
thermal conductivity, efficiency of thermoelectric materials and devices can be

significantly enhanced.

1.3.1  The Electrical Conductivity
Electrical conductivity is a key property of materials that quantifies their ability to

conduct electric current. Electrical conductivity was denoted by the symbol (o) and is
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measured in (S/m). Conductivity was inverse to the electrical resistivity (p), which

measures a material's opposition to the flow of electric current.
1
S =—=nem (6)

where n,e, and pare the charge carrier concentration (m™). , electrical charge, and
mobility (m*V-'s!) respectively. The charge carrier concentration represents the
number of charge carriers (electrons or holes) per unit volume. A higher carrier density

generally leads to higher conductivity.

1.3.2 The Seebeck Coefficient

The Seebeck coefficient is a key parameter in thermoelectric materials that
quantifies the voltage generated in response to a temperature gradient across a material.
Qualitatively, it can be defined as the entropy per charge carrier, indicating the amount
of heat carried with each unit charge, thus linking thermal and electrical currents. The
Seebeck coefficient can be mathematically represented using the Mott formula after

detailed theoretical treatment:

217 2
g= P Kg ]dInGs (E) 7
3e dE )

E=E;

where Kp is the Boltzmann constant, e is the elementary charge, T is the absolute

temperature, and Er is the Fermi energy.

10
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The Seebeck coefficient S for metals and degenerate semiconductors is represented by

the equation:

8p°Kg

S=
3eh?

T( )3 8)

where h is Planck's constant, and m* is the effective mass of the charge carriers.

The m* of the charge carriers is a crucial component that affects the Seebeck coefficient.
Relatively large effective masses result in a high Seebeck coefficient but also lead to
lower electrical conductivity. This indicates a trade-off between achieving a high

Seebeck coefficient and maintaining good electrical conductivity.

1.3.3 The Thermal Conductivity
Thermal conductivity (k) is a key property of materials that measures their ability to
conduct heat. In generally thermoelectric materials k is composed of two main
components: lattice (ki), which is due to the vibrations of the crystal lattice (phonons),
and electronic thermal conductivity (k.), which is associated with the movement of
charge carriers (electrons and holes) within the material.

ktot :kl+ke )
Thermal conductivity is a key factor in the performance of thermoelectric materials. To

achieve high thermoelectric efficiency, materials should have low thermal conductivity

while maintaining good electrical properties. Advances in nanostructuring, alloying,
11
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and material design are continually improving the thermal management of
thermoelectric materials.
The Wiedemann-Franz law predicts a high correlation between electronic thermal
conductivity and electrical conductivity. This law states that the ratio of the electronic
contribution to the ke to the ¢ is proportional to the temperature:

kK, =LsT=nemLT (10)
where L is the Lorenz number, which is approximately constant for metals and

degenerate semiconductors.

Chapter 2 Materials Synthesis and Characterization

2.1 Synthesis Equipment
2.1.1  Spark Plasma Sintering

Spark Plasma Sintering (SPS) is one of the various methods for sintering materials.
It operates by applying a direct current voltage to a mold, causing the material to enter
a plasma state. To achieve good electrical conductivity, the molds are made of graphite.

High pressure is then used to compress the powdered material tightly within the mold.

12
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By adjusting the current, the temperature can be controlled and maintained at the target

value. The key advantage of this method is its rapid heating and cooling, resulting in a

very short overall processing time that can be completed in a few minutes.

Fig.I.1. 5 Spark plasma sintering (SPS).

2.1.2  RF Magnetron Sputtering
Sputtering is a physical vapor deposition (PVD) process used to process the thin

films on a substrate. The working principle of RF magnetron sputtering is using an

13
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alternating radio frequency is used to ionize the sputtering gas (typically argon),

generating plasma. The ions generated in the plasma bombard onto target material,

causing atoms to ejected. The ejected atoms then move through the vacuum chamber

and settle onto the substrate, creating a thin film.

In this experiment, BST films were prepared by using the RF magnetron sputtering

technique, a specific type of sputtering technique that employs radio frequency (RF) to

generate plasma and sputter material from the target onto the substrate.

Fig.I.1. 6 2-inch RF magnetron sputtering system

14
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Fig.I.1. 7 Sputtering schematic.

2.2 Experimental Equipment
2.2.1  X-ray Diffraction

XRD is a strong analytical method for detecting and characterizing a material's
crystallographic arrangement, chemical composition, and physical characteristics of a
material. X-ray diffraction (XRD) is a basic X-ray diffraction technique that measures
the angles and intensities of X-rays scattered by atoms within a material. In our
investigation we utilized XRD, PANalytical X'Pert Pro fitted with Cu Ka radiation
(0.154 nm) to ascertain the crystal orientation of the films. Textural elements in the thin

layer suggest a preferred orientation within the structure. Pole figures, which can be

15

doi:10.6342/NTU202404294



generated using a threefold diffractometer (Malvern Panalytical's Materials Research

Diffractometers, MRD), are commonly used to define this preferred orientation.

Fig.1.2. 1 X’pert Pro Panalytical x-ray powder diffractometer and four-circle

diffractometer.

2.2.2  Scanning Electron Microscope

Scanning Electron Microscopy (SEM) one of the powerful instrument used to
analyze surface morphology and microstructural features of a materials by scanning a
focused beam of electrons on the sample's surface. The interactions between the
electrons and the atoms in the sample generate various signals that produce high-

resolution images.

16
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Field emission scanning electron microscopy was used to examine the microstructures
of the films. With the use of energy-dispersive X-ray spectroscopy (EDAX) connected
to the SEM, thin films' composition was ascertained. This combination of methods
enables a thorough analysis of the elemental composition and surface morphology of

the films, offering vital insights into the microstructural properties of the material.

A

X

Fig.1.2. 2 FESEM, Inspect F FEI

2.2.3  Transmission Electron Microscope

Transmission Electron Microscopy (TEM) is a powerful analytical technique used
to study the microstructure of materials at very high spatial resolutions, down to the
atomic level. A stream of electrons is passed through an incredibly thin specimen using

17
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a transmission electron microscope (TEM), and the interaction between the electrons
and the sample creates a picture. A field emission transmission electron microscope
(JEOL JEM-2100, Tokyo, JP) operating at an accelerating voltage of 200 kV was used
in our investigation to examine the transmission electron micrographs and selected area
electron diffraction (SAED) patterns of the films. Prior to TEM observations, the
focused ion beam (FEI Versa 3D, Hillsboro, Oregon, USA) was employed to generate
the TEM specimen of the cross-sectional thin film. This process allowed for a detailed
examination of the films at the nanoscale, providing valuable insights into their internal

structure and crystallographic features.

2.3 Measurement Equipment and Techniques

In the process of researching and developing thermoelectric materials, precise
measurement techniques are crucial. The following introduces several commonly used

measurement techniques

23.1 LFA

The LFA (Laser Flash Analyzer) is a precision instrument designed to measure the
thermal diffusivity of materials. Manufactured by NETZSCH, the LFA is extensively
used in research and industrial purposes to characterize the thermal properties of

18
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various materials, including metals, ceramics, polymers, and composites. The LFA

measures thermal diffusivity (D) using the laser flash method, where a short laser pulse

is applied to one side of the sample, and the resulting temperature rise on the opposite

side is recorded. The time it takes for the heat to traverse the sample is used to calculate

the thermal diffusivity. Using the formula k=DpCp, where « is the thermal conductivity,

p is the density was measured by Archimedes method, and Cp is the specific heat by

using all these parameters one can determine the thermal conductivity.

NETZSCH

Fig.1.3. 1 LFA 447
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232 TDTR

Time-Domain Thermoreflectance (TDTR) is an advanced measurement technique

used to analyze the thermal properties of materials, such as thermal conductivity,

thermal diffusivity, and interfacial thermal resistance. TDTR [10] employs ultrafast

laser technology to observe the temperature changes in materials following interaction

with a laser pulse, enabling the analysis of the material's thermal characteristics.

233 ZEM-3

The ZEM-3 [11] is a high-precision instrument designed to measure the Seebeck

coefficient and electrical conductivity of thermoelectric materials. It is widely used in

research and development settings to evaluate the performance of these materials.

When measuring the Seebeck coefficient of a sample, the heater provides a current to

create a temperature difference between the top and bottom ends of the sample.

Temperature sensors measure the temperature difference (A T) at the points where the

sensors contact the sample. The circuit can also be switched to measure the voltage

difference (A V) induced by the Seebeck effect at these contact points using the wires

inside the temperature sensors. The Seebeck coefficient at the ambient temperature is

20
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then determined using the definition of the Seebeck coefficient.

Fig.1.2. 3 ZEM-3 instrument and schematic
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234 PPMS

Hall Effect Measurement with PPMS involves preparing a sample with a well-

defined geometry, typically a thin rectangular strip, where electrical contacts are made

at the corners for current injection and voltage measurement. The sample is then

mounted on a sample holder and placed in the PPMS chamber. The sample holder

connects to the PPMS power supply and meter, allowing for precise control of the

current, voltage measurement, and application of a magnetic field during the

experiment.

The Hall voltage is used to calculate the Hall coefficient (Ru) [12], which is related to

the carrier concentration (n) by the equation:

R = By _ Wit
"T3B, IB (n
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where Ey is the Hall electric field, Jx is the current density, B, is the magnetic field, Vu

is the Hall voltage, t is the sample thickness, and I is the current. From the Hall

coefficient, the carrier concentration can be determined using the equation n = 1/eRp,

where e is the elementary charge. The mobility (u) is calculated using the resistivity (p)

and Hall coefficient u=Ru/p.

Fig.13.2 PPMS
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Fig.1.2. 4 Hall measurement

2.3.5 3o technique

The 3w technique, commonly used to measure a material's thermal conductivity,
was employed in a high vacuum (1x10° torr) to minimize heat losses from air. We used
a lock-in amplifier and a AC and DC current source (Keithley 6221). With this
configuration, it was possible to perform extensive tests typically linked with a dual-
phase lock-in amplifier. These measurements include input signal's noise level, vector

magnitude, phase angle, and in-phase and quadrature components.
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Chapter 3 Introduction of BigpsSb;sTe; Materials

Bio.5Sbi.5Tes is a compound composed of bismuth (Bi), antimony (Sb), and tellurium
(Te), and it is most widely researched and utilized materials for thermoelectric
applications.  BiosSbisTes was particularly notable for its high thermoelectric
performance at room temperature, making it an excellent candidate for various energy
conversion applications. Devices utilizing this material can directly generate electricity
from temperature differences or produce cooling effects using electricity. It is used to
make thermoelectric generators that transform waste heat into electricity and is widely

applied in industrial equipment, automobiles, and wearable devices.

3.1 Composition and Structure

Bio.5Sb1.5Tes belongs to the class of bismuth tellurides, which are known for their
layered crystal structures. Typically, it consists of quintuple layers, was stacked along
the c-axis. The layered structure is composed of bismuth, antimony, and tellurium atoms,
arranged in a sequence of five atomic layers: two layers of Te atoms, one layer of Bi
atoms, one layer of Sb atoms, and another layer of Te atoms. This layered arrangement
gives the material strong anisotropy in the direction perpendicular to the layers. In
Bio.5sSbi 5Tes, the atoms within the layers are primarily bonded by covalent and partially
ionic bonds, while the layers themselves are held together by van der Waals bonding.
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Consequently, the interlayer interactions are weak, allowing the material to slide easily
between layers, which is advantageous for mechanical exfoliation and thin film
preparation. BigsSbisTes has a hexagonal crystal phase where the lattice constants a =
426 A and ¢ = 30.4 A. This crystal structure helps suppress thermal conductivity
because the arrangement and vibrational modes of atoms in the layered structure can
efficiently scatter phonons, thereby reducing thermal conductivity and enhancing the
thermoelectric figure of merit (ZT). Due to the mixture of Bi and Sb, BiosSb1.5Tes has
a complex electronic structure, which gives it a high Seebeck coefficient and electrical
conductivity at room temperature. The conduction and valence bands near the Fermi
level have a high density of states, which is advantageous for the thermoelectric
transport of charge carriers. The layered structure, bonding characteristics, crystal
structure, and electronic structure of Bio.sSbisTes collectively determine its excellent
thermoelectric performance [13-16], making it highly promising for various

thermoelectric applications.
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Chapter 4 Materials Synthesis and Characterization

4.1 Material Synthesis

This chapter introduces the equipment used for characterizing the samples.

4.1.1 The Bulk BigsSb; sTe; Sputtering Target's Preparation

With a 99.999% purity level, the elements Bi, Sb, and Te were weighed in a
0.5:1.5:3 stoichiometric ratio. These elements were kept into a quartz tubes, evacuated,
and then heated to 1023 K for 24 hours. The tube was then rapidly quenched into a cold
water. The resultant ingots samples were subjected to a 48-hour annealing procedure at
723 K. The ingots were crushed into powders using an agate mortar after annealing.

These powders were compacted using the spark plasma sintering (SPS) method
under vacuum at 673 K and a pressure of 50 MPa for 5 minutes, forming a dense pellet
with a diameter of 50.8 mm and a height of 20 mm. This pellet was subsequently used

as a target in the sputtering process.

4.1.2  Film Deposition and Annealing of BiysSb, sTe; (BST)
The technique known as RF magnetron sputtering was employed to create BST
films. The experiment was conducted using Corning 1737F glass substrates, which had
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a surface roughness ranging from 0.5 to 1.0 nm and measured 20 x 20 mm?. In an
ultrasonic bath, the substrates were extensively cleaned many times using acetone,
isopropyl alcohol, and deionized water in that order. 45 mm was the constant distance
between the substrates and the target. While the working pressure of the sputtering gas
was controlled at 7 x 107 torr with an argon flow rate of 20 sccm, the base pressure of
the deposition chamber was maintained below 7 x 107 torr. With the sputtering power
adjusted to 30 W, a deposition rate of about 20 nm per minute was achieved.

It has been shown that post-deposition annealing in a Te environment can provide
virtually perfect stoichiometry for the film composition of V-VI semiconductors.
Tellurium powder was placed within an evacuated quartz ampoule, which was post-
annealed after the film was deposited at 453 K. For three days, the post-annealing

procedure was carried out at 473 K.

Te vapor annealing

@ o Te vapor

R ° film
" ‘ / =

" Te powder °  °substrate

Fig.1.4. 1 Te vapor annealing schematic
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Firstly, regarding the Seebeck coefficient, it is approximately in the range of 146

to 170 (uV/K). After Te annealing [17,18,19,20], the values significantly increase to

approximately 195 to 205 (uV/K). To attain a high ZT value, a higher Seebeck

coefficient is necessary, so the purpose of Te annealing is achieved. Figure 4-12 is a

comparison of the Seebeck coefficient for the thermoelectric thin films with different

thicknesses before and after annealing.

In terms of resistivity, the resistivity of films with various thicknesses is all above

60 (uQ-m) before Te annealing. To achieve a better ZT value, a lower resistivity is

essential. After Te annealing, the resistivity also shows a significant decrease. The

resistivity of samples with various thicknesses decreases by about 50%. Figure 4-13

shows the comparison. However, demonstrating the beneficial effect of Te annealing

on resistivity.
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Fig.1.4. 3 Comparison of the resistivity before and after annealing
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4.1.3 BigsSb;sTes Film Structural Characterization

The XRD patterns for the deposited films upon annealing are shown in Fig. 1.4.5.

The rhombohedral Bio sSbi sTes phase is responsible for all of the observed diffraction

peaks, and no impurity phases were found to be present within the detection limit. It is

interesting to notice that as the thickness increases, the initially preferred orientations

(006) and (10 10), which were more prevalent in thinner films, gradually decrease. Only

at (015) is a noticeable peak visible for films thicker than 1 pm; other peaks seem

extremely weak and are obscured. This suggests that the preferred orientation in the

(015) direction increases with increasing film thickness.

SEM pictures of BST films with different thicknesses, including surface and cross-

sectional views, are shown in Fig. [.4.4 b-e. The grain sizes of the films range from 20

to 50 nm, and their surfaces are flat. Notably, a stacked layer with no discernible growth

direction is shown close to the substrate in the cross-sectional morphology of the 1 um

thick film. Following this, the grains mostly develop in the direction in which they are

most inclined to grow, creating distinctive microcrystalline formations that resemble

slanted sheets. The hypothesized Stranski-Krastanov film growth model is supported

by these images, which align with the structural evolution patterns found in the XRD

data.
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BST adatoms progressively cover the substrate surface during the first phase of
film development, generating nuclei. The adatoms acquire enough energy to diffuse
across the substrate surface until it is completely covered when the substrate
temperature hits 453 K. As the nuclei enlarge, they often take on a plate-like shape with
an orientation of (00L). New adatoms keep coming in to fill the spaces between these
plates in the meantime. As the film deposition advances, preferential growth along the
(015) and (1010) orientations is caused by the sputtering deposition process's low
substrate temperature, high nucleation rate, and slower crystal growth rate. Films with
(015) and (1010) orientations still display a tightly packed structure, as seen in Fig. [.4.4
d and f, and this does not negatively impact the conductive pathways. The films'
predominant elemental composition of Bi, Sb, and Te in a ratio of 0.5:1.5:3, or

Bio.sSbi sTes, is confirmed by EDX analysis.

(b)

LVY . < ETE —

Substrate Sl noy Substrate

Fig.1.4. 4 Films SEM images

32

doi:10.6342/NTU202404294



(a)

(s10)

— p— — —
- o © o ©
3 3 2 2223 a2
2 ® 2 e=22e &2

M 2 A AMLM

puttering target Powder &

1um i
3

10.5 um ol e \ A o
F-—sjzs um - A\ -
A2 Pm 1 L 1 1 L 1 L 1

10 15 20 25 30 35 40 45 50 55 60
2 0 (degree)

Intensity (a.u.)

Fig.I.4. 5 Films XRD results

—

Substrate Nucleus '

(a)

" ;l"!.:":.::'

2

(006)

(b) (10 10)

Fig.1.4. 6 Highly textured BiosSbh1sTes thin films fabricated by magnetron sputtering.
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This procedure is succinctly illustrated in Fig 1.4.4. By rotating the sample along

two axes and keeping the diffraction angle equal to the desired Bragg reflection, a pole

figure is created that allows one to see the distribution of microcrystalline orientations

inside the film. The (006) and (10 10) pole figures show a combination of spot and ring

patterns for the thinner 0.25 pm film, suggesting a polycrystalline sample with uniaxial

texture (Fig 1.4.6b). On the other hand, the thicker 1 um film exhibits a highly textured

structure with concentrated intensity near the center of the (015) pole image (Fig 1.4.6¢).

The (015) and (10 10) planes' tilt angles with regard to the ab plane in the crystal

structure of BiosSbi.sTes are 54° and 33°, respectively. These findings imply that the

first phase of film deposition has a comparatively random film orientation and that the

process of selective film growth is intimately linked to the formation of texture. In

general, the substrate has a significant impact on the crystal orientation of the deposited

film. The amorphous glass substrate utilized in this investigation should have minimal

effect on the deposited film's crystal orientation. On the other hand, in the early stages

of film deposition, some oriented grains might develop more preferentially.

Under the combined effect of thermodynamic and kinetic factors, thin film growth

usually proceeds through multiple stages: nucleation, island creation, island merging,

development of continuous structures, and thickness growth. The behavior of thin film

growth is typically explained using thermodynamic growth models, which consider the
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relative surface energy of the substrate (&s), interface (&;), and heteroepitaxial layer (&r).

When defining the growth model, the change in surface energy, Ac = & + & — &, i

essential since it shows how the substrate wets during film deposition. Incomplete

wetting happens when Ag > 0, which causes discontinuous three-dimensional (3D)

islands to grow (Volmer-Weber mode). On the other hand, the deposited material wets

the substrate and grows in a two-dimensional (2D) way layer by layer when Ae <0 and

the lattice mismatch is small. The deposited material grows in a two-dimensional (2D)

manner (Frank-van der Merwe mode) by wetting the substrate layer by layer. When

there is a considerable lattice mismatch (Ae < 0), growth starts with a wetting layer that

forms a 2D structure. However, as the film thickness develops, i, is affected by thermal

stress and strain energy, which eventually leads to the production of 3D islands

(Stranski-Krastanov mode). The growth behavior of sputter-deposited BST films is

consistent with the Stranski-Krastanov model, according to XRD analysis and pole

figures. Furthermore, these films exhibit some preference orientations, such (10 10) and

(015), are shown in these movies. These orientations correspond to the lowest surface

energy planes, which are less damaged by ions during deposition. Preferred orientations

are important because they improve the film's thermoelectric qualities. Certain crystal

configurations also improve the film's electrical and thermal transport qualities, which

further enhances the film's suitability for thermoelectric applications.
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4.1.4  Electrical Conductivity and Seebeck Coefficient Measurements

The observed conductivity values (o) of bulk material and BST thin films at 300—
400 K are shown in Fig. 1.4.7a. With the exception of the 0.125 um-thick thin film,
which exhibits a progressive increase in conductivity, the bulk material and the other
thin film samples exhibit a monotonic decrease in conductivity that is consistent with
rising temperatures. The reason for this trend is that BST exhibits conductivity
characteristics similar to metallic materials since it is a semiconductor with relatively
tiny band gaps. The lowest conductivity is seen in the thinnest sample (0.125 pm),
which is probably because there are a lot of contacts in the first phases of the film's
formation. Particle size increases and grain boundaries shrink as layer thickness rises,
improving conductivity. The sample with the highest conductivity is the one that is 0.5
um thick. Nevertheless, the conductivity drastically decreases when the film thickness
rises to 1 um. The findings of the Hall measurement show that a decrease in carrier
mobility within the film is the main cause of this conductivity fall. Thinner films
primarily have (00L) and (10 10) crystallographic orientations, according to XRD
studies, which facilitates carrier transport along the ab plane without bridging van der
Waals gaps. The predominant preferred orientation shifts to (015) at a film thickness of
around 1 um, in spite of the textured structure. This suggests that carriers meet van der

Waals gaps during in-plane propagation, which lowers carrier mobility.

All thin film samples show P-type conductivity according to Seebeck coefficient
measurements, and the fluctuation in the Seebeck coefficient closely correlates to the
carrier concentration of the films. The thinner 0.125 um film exhibits the lowest carrier
concentration, roughly 3x10 c¢cm=, even under the same processing conditions. As
illustrated in Fig.1.4.8., the carrier concentration progressively rises with increasing

film thickness, leading to a modest drop in the Seebeck coefficient.4.8. Because BST
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is a narrow band gap semiconductor, it exhibits a strong bipolar effect at higher
temperatures, which may result in a decrease in the Seebeck coefficient in the higher
temperature range. Plotted in Fig.1.4.9. is the relationship between S and ny (Pisarenko
relation) at 300 K based on the single parabolic band (SPB) model under the phonon
scattering assumption [21]. For an effective mass of m* = 1.5 me, the predicted curve
and the experimental data agree well. This investigation indicates that the BST alloy's

band structure close to the Fermi surface is mostly unaffected by the thin film thickness.

The temperature-dependent change of PF, is shown in Fig. 1.4.10. PF, is
significantly improved over the whole tested temperature range due to the notable
increase in conductivity for the 0.25 um and 0.5 um samples. Achieving a high PF, of
roughly 18.1 uW cm® K2 at 400 K, the 0.25 um sample is on par with samples
generated using the pulsed laser deposition approach, albeit being lower than that of
bulk material. Furthermore, at 400 K, the PF almost stays the same even though the
Seebeck coefficient of the 0.5 um thin film is somewhat lower than that of the 0.25 um

thin film.
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Fig.1.4. 8 Temperature-dependent seebeck coefficient.
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Fig.1.4. 10 Temperature-dependent power factor.
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4.1.5 Thermal Conductivity Measurements of Film

Thin-film thermal conductivity measurements are challenging. In this work, we
measured the in-plane thermal conductivity using the well-established 3m method in
our lab. Suspending the test sample is an essential step before measurement to precisely
determine the true K of the thin film. We developed a novel strategy to achieve this, as
shown in Fig. 1.4.11. Using a scalpel, thin films of approximately 100 x 100 pm? are
first carefully removed from the substrate. Currently, the minimum practical thickness
for extremely thin films is approximately 0.5 pum. The detachable thin film is then sliced
precisely with a Focused lon Beam (FIB) to form a rectangular shape that has a ratio of
length to cross-section similar to a belt or rod. The observance of the boundary
conditions necessary for the 3w measurement is guaranteed by this particular ratio
[21,22,23]. The resultant extended sample is carefully put onto a measuring chip with
pre-fabricated electrodes after being handled with a probe and suspended using van der
Waals forces. After the sample is firmly in place, the piece of the sample that comes
into contact with the electrodes is welded using the FIB once more, allowing for the

subsequent 3® thermal conductivity measurements [24-26].
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Fig.1.4. 11 (a)-(g) show the sample preparation procedure for in-plane thermal

conductivity measurements of films.

Length: 70 um
Thickness: 0.5 pmg
Width: 5 um

Fig.I.4. 12 SEM image of a sample suspended for measurements.
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The 3® method is a reliable technique for determining the thermal conductivity of

one-dimensional materials. The actual suspended configuration of the measured sample

and the functions of the different contact electrodes are depicted in Fig. 1.4.12. This

method requires the sample to be a conductor with temperature-dependent resistance.

The sample functions as both a thermometer and a heater. When the sample is exposed

to an AC current (lo sinwt), there is a 2m temperature change (also known as

temperature fluctuation) and a corresponding 2w resistance variation (also known as

resistance fluctuation). As shown by the mathematical calculations and the schematic

in Fig. 1.4.13, this results in a voltage fluctuation at the 3w frequency. The voltage signal

is measured at the center of the sample, and AC current is supplied from both ends

during the measurement process. The sample is suspended on a hollowed-out chip to

prevent heat loss through the substrate. This setup enables the simultaneous

measurement of the one-dimensional material's specific heat, electrical resistivity, and

thermal conductivity. A noticeable temperature difference is generated between the

sample's ends due to Joule heating instigated by the current flowing through it. A high

vacuum environment is required to prevent heat loss by radiation or convection.

Furthermore, the heat generated by the sample and its diffusion can be described by a

differential equation with appropriate boundary conditions. The cited literature

provides a thorough derivation and explanation of the formula. Equation (12) expresses
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the mathematical relationship between the thermal conductivity (k) and the 3w voltage

(V3o) signal [27,28,29,30,31].

413LRR'
V30 =
kA 1+ wy)?

(12)

4— V3esin(3mt-0) —b-
Electrode
B e
< >
I,sinmt

Chip

Fig.1.4. 13 3w method schematic.

In this equation, x stands for thermal conductivity, A for the sample's cross-
sectional area, w for the AC current frequency passing through the sample, L for the
sample's length, R for resistance, R’ for the rate at which resistance changes with
temperature, and y for the sample's characteristic thermal time constant. Every data
point shown in Figure 1.4.14 is the result of fitting the frequency dependence of V3, to

equation (13).
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Vi % 1/4/1 + Ruy)? (13)

The fitting outcome at 300 K for the 0.5 um film is shown. Equation (14) illustrates
how the intercept of the fitted line at this temperature can be used to calculate the

thermal conductivity «.

(wy — 0) (14)

1.0
0.8
E 0.6 300 K
3 | —— Fitting
> 0.4}
0.2} Vie X 1/41 + (2wy)?
D.u '} " i L [ i "
0 200 400 600 800 1000
o (rad/s)

Fig.I.4. 14 Frequency dependence analysis of the angular frequency from the 0.5 um

thick film at 300 K.

44

doi:10.6342/NTU202404294



e 300K

4t Fitting o

@

o3
= |
3,

1k

0 E 1 a 1 2 1 1 A

0 200 400 600 800
o (rad/s)

1000

Fig.I.4. 15 Analysis of the tand dependence on the angular frequency for the 0.5 um

thick film at 300 K.

The phase angle phase angle tang =~ 2wy and its relationship to  are shown in Fig.

1.4.15. The appropriate frequency range for frequency-dependent measurements is

indicated by 0 < 2wy < 4. Along with the thermal conductivity measurements of BST

bulk material in the same direction as the PF measurements, Fig. 1.4.12 shows the

measured thermal conductivity of BST thin films in the temperature range of 300 to

400 K. As illustrated in Fig. 1.4.12, the thermal conductivity of the thin films was

determined with an uncertainty of less than 5% using the 3® method. It is noteworthy

that, given the extremely low thermal conductivity of the thin films, we first used the
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LFA approach to determine the thermal conductivity of the bulk material to confirm

the accuracy of the measurement technique. Additionally, we sliced the bulk material

into thin specimens with an aspect ratio of about 14 and a thickness of approximately 2

um by following the sample preparation procedure shown in Fig. 1.4.16, using the same

sample and ensuring that measurement procedures were followed consistently. This

methodical process is necessary to meet the strict standards required for measurements

using the 3o method.

—&— Sputtering target (LFA)

1.2k —C— Sputtering farget (3o method)
1.0

o2l —e— 0.5 um (TDTR)
—C0— 0.5 pm (3® method)

0-0 1 A 1 i L i 1 A 1 i 1
300 320 340 360 380 400

Temperature (K)

Fig.1.4. 16 The results of the 3 technique and LFA on the sputtering target are

compared with the thermal conductivity measurements for the 0.5 um and 1 pm films,

which were produced using the TDTR method.
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The reliability of the 3® measurement method has been confirmed by the highly
consistent findings obtained from thermal conductivity measurements of bulk material
using both the LFA and 3w methods, as indicated by the solid dark green and hollow
dark green points in Fig. 1.4.16. However, the current practical limit is represented by
a thickness of 0.5 um due to the difficulties in detaching the film from the substrate.
Consequently, although the 0.25 pm film sample showed a notable improvement in PF,
an accurate in-plane thermal conductivity measurement was not possible. Furthermore,
the thermal conductivity values for the 0.5 and 1 pm films were only approximately
0.30 Wm 'K, significantly lower than the bulk value of 1.10 Wm™K™. We are aware
that bipolar effects can be disregarded at temperatures close to or below 300 K, meaning
that the phonon thermal conductivity (ki) can be calculated by subtracting the
electronic thermal conductivity (xee) from the total thermal conductivity (k). To
estimate kele, we apply the Wiedemann-Franz law, which is expressed as keie = Lo T.
The Lorenz number, denoted by L, is determined by considering the scattering
parameter and the measured Seebeck coefficient [32]. The calculated k.t for the 0.5 um
and 1 pm samples are roughly 0.14 and 0.18 Wm™ K, respectively, in the temperature
range of 300 to 360 K. In contrast, the bulk material's xia is roughly 0.70 Wm?*K™, It
is evident that the kiat of the film samples is significantly smaller than that of the bulk
material. This ultra-low in-plane thermal conductivity is closely correlated with the
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layered structure and preferred (015) orientation of the films, in addition to being

related to several known defect patterns. The van der Waals gaps between the layers

must be crossed by phonons, though not as extensively as along the c-axis. However,

the average phonon mean free path is significantly reduced by this phonon interface

scattering. According to molecular simulation studies by Mizuno et al., it is possible to

achieve thermal conductivities lower than those of amorphous materials [33]. The key

to this is effectively blocking the propagation of phonons, especially superlattice

phonons. Mizuno et al. suggest that materials with extremely low thermal

conductivities—beyond those of their amorphous counterparts—may be developed by

introducing a significant mass difference between two interlayers or by weakening

interactions at the interfaces between these layers [33].

4.1.6 Microstructures and Thermoelectric ZT of Films

High-resolution transmission electron microscopy (HRTEM) was used to analyze

the representative microstructures of the 0.25 um thick film, as illustrated in Fig. 1.4.17.

The HRTEM images demonstrate that the significant reduction in thermal conductivity

is due to the effective scattering of phonons at the numerous and intricate interfaces

within the nanostructures. These interfaces include mesoscale boundaries, planar

defects, strain-induced distortions, and the formation of nano-moiré fringes. In physics,
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moiré patterns are fascinating interference fringes produced by carefully superimposing

a periodic template over another identical structure but with different displacements

and twist angles. Ultralow thermal conductivity could result from the distribution of

nanoscale moiré fringes, which would significantly increase the scattering of heat-

carrying phonons..

(a)

Fig.1.4. 17 (a)-(c) TEM analyses of the Bio.sSbi.sTes film with thickness of 0.25 um.

49

doi:10.6342/NTU202404294



The calculated ZT values for the sputtering targets and the 0.5 pm and 1 pm thin
film samples are displayed in Fig. 1.4.18. A thin film thickness of 0.5 pm yields the
maximum ZT value of 1.86. However, the ZT values decrease rather than improve as
the thickness increases beyond this threshold. The ZT is lower for the 1 pm thin film
because its PF does not match that of the 0.5 um sample, despite both samples having
similar thermal conductivity. This pattern suggests that beyond an ideal threshold
thickness, further increases lead to a decrease rather than an improvement in ZT values.
This decrease in ZT is partly due to the PF inability to improve proportionately to the
thermal conductivity at greater thicknesses. The exceptionally low thermal conductivity
of the film is a major factor in achieving such high ZT values. Based on the HRTEM
data, we hypothesize that phonons likely encounter multiple barriers as they propagate
through the lattice, as shown in Fig. 1.4.19, leading to significant scattering. This
scattering results in a low thermal conductivity of about 0.3 WmK™! [34].

The ZT values obtained for BST bulk [35], thin films [36], BT/single-walled
carbon nanotube (SWCNT) [9], and superlattice (SL) thin films are comprehensively
displayed in Fig. 1.4.20. BST thin films have a maximum ZT of approximately 0.89
[36]. In comparison, the BT/BST SL [37] and BT/ZrB- SL [38] thin films perform better,
with maximum ZT values of approximately 1.44 and 1.54, respectively. This
outperforms the results from earlier research on films made of Bi—Sb—Te material
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systems. Notably, Our investigation yielded a maximum figure of merit (ZT)value

around 1.86 for 0.5 um BST thin film sample, which is approximately 64% higher than

that of bulk materials and roughly 24% higher than that of similar SL thin films. This

accomplishment represents one of the best results reported for Bi>Tes-based alloy thin

films. To assess the repeatability of the thin film manufacturing process, we also

conducted thermal and electrical performance cycling tests on several batches of

samples. Our findings confirmed the exceptional thermal stability and reproducibility

21F

1.8

1.5}

N L
09}

X —0— 0.5 uym

0.6 } 1 um

—®— Sputtering target

0.3F

0.0 ] 2 ] 2 ] M [ 2 [ 2 ]

300 320 340 360 380 400
Temperature (K)

of the thin film samples.

Fig.1.4. 18 ZT as a function of temperature
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Fig.1.4. 19 Phonon propagation in the lattice structure
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Fig.1.4. 20 ZT values for advanced p-type BirTes-based films and bulk materials.
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Chapter 5 Conclusion

The thermoelectric properties of BST thin films are explored in this study in a way
that has never been done before, with a focus on the importance of lattice orientation
control and film thickness in improving thermoelectric performance. We successfully
fabricated BST thin films of different thicknesses using RF sputtering and post-
deposition annealing, and we systematically examined their structural, electrical, and
thermal properties. Saturation annealing, a unique technique, resulted in a remarkable
450% increase in the PF, with the 0.5 pm film reaching a PF of 18.1 uWem™'K2 at 400
K. In addition, the paper presents an accurate in-plane thermal conductivity
measurement technique based on the 3w method, enabling the determination of an
ultralow thermal conductivity of 0.3 Wm'K™! and a maximum ZT of 1.86 close to
ambient temperature. These results highlight the significant influence that thickness and
lattice orientation have on the thermoelectric efficiency of BST thin films, providing
important insights for the development of high-performance thin-film thermoelectric
generators. This work sets a new standard for thin-film thermoelectric materials and
clarifies the mechanisms behind the enhanced thermoelectric capabilities of BST thin

films, paving the way for their use in sustainable energy solutions.
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Part I1. Novel Form of Topological Superconductivity
Arising from Inter-surface Electron Pairing in Sb,Tes

Nanoflakes
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Chapter 1 Introduction of Superconductivity and

Topological Insulator

1.1 The Basic Principle of Superconductivity

Three distinct ideas about the behavior of electrical resistivity at zero temperature
were proposed at the start of the 1900s. According to Matthiessen, resistivity is the sum
of two components: one that depends on temperature and another that does not. As the
temperature drops, resistivity would initially decline linearly, but it would eventually
level off to a constant value. In contrast, Kelvin believed that as a metal approached
absolute zero, electrons would become less mobile, turning the material into an
insulator with infinite resistance. Lorentz's theory, on the other hand, is based on the
idea that electron scattering is caused by ionic lattice vibrations. As these vibrations
reduces, the electrons' mean free path lengthens, the resistivity approaches zero as the
temperature nears absolute zero.

These theories were all shown to be false. It wasn't until Heike Kamerlingh Onnes
discovered how to liquefy helium in 1908 that experiments at temperatures near
absolute zero could be carried out. On April 8, 1911, he observed that the resistance of
mercury vanished at temperatures below 4.2 K. He later found that there was no
resistance at 7.2 K for lead and 3.8 K for tin when he conducted the same experiment
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with each metal. He concluded that certain materials exhibit superconductivity,
characterized by the abrupt disappearance of resistance at a critical temperature (Tc).
Meissner and Ochsenfeld identified the second significant characteristic of
superconductors in 1933. They discovered that the magnetic flux is expelled from the
interior of a material when a superconductor is cooled below its critical temperature
and placed in a weak magnetic field. Thus, within a few years, the two essential

characteristics of superconductors were discovered:

1. Electrical transport: p =0 for all T < Tc

2. No magnetic induction: B = 0 inside a superconductor

1.2  Introduction to Topological Insulator

Topological insulator (TI) is a material with unique electronic properties [39-42].
Although its interior is insulating, its surface or boundary is conductive. This property
arises from the topological properties of the material rather than its chemical
composition or crystal structure. These properties of topological insulators give them
important application potential in fields such as electronics, quantum computing, and
spintronics. The basic characteristics of topological insulators include internal
insulation and surface conductivity. Its interior is insulating due to the energy gap
formed by its electronic band structure, which prohibits electrons from moving freely

within the bulk. Despite being insulating within the bulk, the surfaces or boundaries of
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topological insulators can support conductive channels that exist due to the protection

of time-reversal symmetry (TRS) and have spin-polarized properties. The existence and

stability of surface states are protected by the material's topological invariants, which

means that these states are stable against slight physical perturbations, such as

impurities or defects. The concept of a topological insulator comes from the

mathematical theory of topology. The theoretical basis of this material was first

proposed by Kane and Mele in 2005 through research on graphene and further extended

to three-dimensional systems by Moore, Balents, Fu, and Kane in 2006. They found

that topological invariants can be used to describe the electronic structure of materials

and predicted several possible three-dimensional topological insulator materials. Early

experimental verification focused on the Bii.xSbx alloy. Angle-resolved photoelectron

spectroscopy (ARPES) technology was used to observe the surface states of these

materials, confirming their topological properties. Subsequent experiments by Hsieh et

al. and Nishide et al. further verified these results, demonstrating the unique electronic

structure of topological insulators. Topological insulators have broad application

prospects. First of all, the field of spintronics can use the spin polarization properties of

their surface states to develop new spintronic devices and achieve more efficient

electronic information processing. Secondly, in terms of quantum computing, the

stability of the surface states of topological insulators and their analogy with the
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quantum Hall effect make them potential components in quantum computing, helping
to achieve more stable and reliable qubits. In addition, due to their sensitivity to external
environmental perturbations, topological insulators can be used to develop highly
sensitive sensors for detecting magnetic fields, electric fields, or other physical
quantities. In summary, topological insulators are a new class of materials with
revolutionary potential. Their unique electronic properties and stability make them

broadly applicable in future technological developments.

1.3 Introduction to Topological Superconductivity

There are several proposals to realize topological superconductivity. Fu and Kane
suggested that topological superconductivity could be achieved by the proximity of TI
surface states to s-wave superconductors, where the surface Dirac cones are compelled
to adopta p, + ip, pairing symmetry [43]. This concept was expanded to include the
use of additional materials, such as semiconductors with spin-orbit interactions near s-
wave superconductors and ferromagnetic insulators [44]. Despite significant
experimental advancements in this direction [45-47], Majorana zero modes are
confined to the interface between a T1 and a superconductor, which limits experimental
accessibility for manipulation. However, odd-parity pairing symmetry is typically
required for materials to exhibit intrinsic topological superconductivity [48]. Still, it is
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more challenging to satisfy the odd-parity superconductivity criteria in practical
materials, making natural topological superconductors rare. The well-known historical
contenders are superfluid *He [49] and SroRuO4 [50]. Recent intense searches have
identified many additional candidates, often grown under pressure with excess Te.
These include CuxBixSe3 [51,52], BixTes and SboTes at high pressure [53,54], InkSni—~Te
[55], Cux(PbSe)sBi2Ses [56], SrxBizSes [57], TlsTes [58] and SbaTes [59]. Although there
is experimental evidence of unconventional superconductivity in these materials,
unambiguous signatures of topological superconductivity have not been fully
confirmed, partly due to potential alternative scenarios that could explain the
experimental observations [60,61]. Therefore, establishing clear evidence of

unconventional superconductivity is a vital first step.

Chapter 2 Materials Synthesis and Characterization

2.1 Synthesis Equipment
2.1.1  Three-zone tube furnace

The three-zone tube furnace is a high-temperature device commonly used in the
preparation of materials, such as for processes like heat treatment, sintering, and
annealing. It features three independently controlled temperature zones, allowing for
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more uniform and precise temperature distribution throughout the tube. The furnace is

composed of a cylindrical furnace tube, with a quartz tube diameter of 1 inch, capable

of withstanding high temperatures and corrosion. Surrounding the tube are heating

elements that provide the necessary heat. The exterior of the furnace is wrapped with

insulation material to reduce heat loss. The three-zone design includes the front, middle,

and rear zones, each with independent heating elements and temperature control

systems, allowing for different temperature settings. Thermocouples and controllers

monitor and adjust the temperature of each zone in real-time, ensuring stability and

accuracy. The temperature of each zone can be adjusted according to different

experimental needs, accommodating various materials.

Fig.Il.2. 1 PVD system.
60

doi:10.6342/NTU202404294



2.2 Experimental Equipment
2.2.1  X-Y-Z Micropositioner

The X-Y-Z micropositioner is a high-precision mechanical device used to
accurately control and adjust the position of objects in three spatial directions. This
device features three-axis control, with each axis representing a spatial direction (X, Y,
and Z) that can be adjusted independently. The movement range of each axis depends
on the design and application requirements. Precision operation is achieved through
manual adjustments using fine-tuning knobs or screws, with a resolution of less than 1

micron.

Fig.I1.2. 2 Micropositioner.
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2.2.2  Reactive Ion Etching

Reactive lon Etching (RIE) is a plasma etching method used for precisely remove
thin films or materials. RIE combines the advantages of physical and chemical etching,
achieving high precision and selectivity. The basic principle involves using plasma-
generated active ions and neutral particles to etch the material surface. During the
reaction process, reactive gases (such as SFs, Ar, Oz, etc.) are excited by a radio
frequency (RF) electric field in the reaction chamber to form plasma. The ions in this
plasma are accelerated by the electric field and vertically strike the material surface,
performing physical etching. Simultaneously, the neutral particles from the reactive
gases chemically react with the material surface, generating volatile byproducts and
thus performing chemical etching. These volatile byproducts will be removed from the
chamber by the vacuum pump, which will complete the etching process. By adjusting
the reactive gases and the duration based on different materials and etching needs, this

technique is commonly used for surface cleaning and the removal of residual
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photoresist.

Fig.Il.2. 3 Reactive ion etching

2.2.3  Electron Beam Lithography Writer

The Electron Beam Lithography Writer (E-Beam writer) is one of the high-
precision fabrication tool primarily used for creating ultra-fine structures. The working
principle of the EBeam writer involves using a focused electron beam to directly write
patterns on an electron resist (electron-sensitive material). An electron gun generates a
beam of high-energy electrons, which are accelerated and focused into an extremely
fine beam, with an acceleration voltage of 30kV, typically with a diameter of just a few

nanometers. Through electromagnetic lenses and deflection coils, the electron beam can
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precisely scan and position on the surface of the resist, forming the desired pattern. The
electron beam exposes the resist, altering its solubility. Depending on the type of resist
(positive or negative), the exposed areas will either dissolve or remain intact during the
subsequent development process. After exposure, the resist is developed to form precise

nanoscale patterns.

Fig.11.2. 4 Electron beam lithography writer

2.2.4  Mask Aligner
The Mask Aligner is a high-precision lithography tool primarily used for
fabricating semiconductor devices, micro-electromechanical systems (MEMS), and

other micro and nano structures. The system uses ultraviolet (UV) light to transfer
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patterns from a photomask onto a photoresist, achieving precise pattern alignment and

transfer. The basic principle of the Mask Aligner is as follows: First, the photomask is

a non-transparent plate containing the desired pattern, made of glass with a coating of

a non-transparent metal layer. Next, the photoresist is evenly applied to the substrate

and prebaked to remove solvents. Then, using a microscope and alignment system, the

pattern on the photomask is precisely aligned to the designated position on the substrate.

Following this, a UV light source exposes the pattern through the photomask onto the

photoresist, causing a chemical reaction in the exposed areas. After exposure, the

substrate undergoes development to remove either the unexposed or exposed

photoresist, forming the pattern. Due to its high precision, efficiency, and flexibility,

the Mask Aligner is widely used in various micro and nano manufacturing fields.

Fig.Il.2. 5 Mask aligner
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2.2.5 Electron Beam Evaporator

The Electron Beam Evaporator (E-Gun Evaporator) is a high-precision tool used
in vacuum coating technology, primarily for depositing thin film materials on substrates.
The E-Beam evaporator utilizes a high-energy electron beam generated by an electron
gun to heat and evaporate the target material. The process works as follows: the electron
gun emits high-energy electrons, which are accelerated and focused into an electron
beam. This beam is directed onto the surface of the target material, where the kinetic
energy of the electrons is converted into thermal energy, rapidly heating the target.
When the target material reaches its evaporation point, it transforms into a gaseous state.
The evaporated material molecules travel through the vacuum chamber and condense
on the cooled substrate surface, forming a uniform thin film. Its advantages include
high purity, as the deposition takes place in a high vacuum environment, resulting in
films with high purity and low impurity content. Additionally, the evaporation rate and

film thickness can be precisely controlled.
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Fig.I1.2. 6 Electron beam evaporator

2.3 Measurement Equipment and Techniques
2.3.1  Atomic Force Microscope

Recognized for its capacity to resolve surfaces at the atomic level, the Atomic
Force Microscope (AFM) is a high-resolution microscopy technique used to image and
quantify the topography and physical characteristics of sample surfaces. The interaction

between a probe and the sample surface is the foundation of the AFM's operation. Its
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fundamental components and mode of operation are as follows: The AFM uses an

incredibly sharp probe mounted on a flexible cantilever. The probe's tip radius can be

as small as a few nanometers. When the probe comes into contact with or approaches

the sample surface, the cantilever experiences minute deflections due to atomic

interactions between the two. A position-sensitive detector (photodiode array) receives

a laser beam directed at the behind of the cantilever. As the cantilever deflects, the

position of the reflected laser changes, allowing for the measurement of the forces

interacting between the probe and the sample surface. By laterally scanning the probe

and recording the variations in contact force at each point, the AFM can generate a

three-dimensional topographic map of the sample surface.

Fig.11.2. 7 Atomic force microscope
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2.3.2  Measurement chip

The measurement chip used in this research is designed according to our own
requirements, and the designed patterns are fabricated using photolithography
technology. First, a silicon (Si) wafer with a silicon dioxide (Si02) thin film is coated
with photoresist by spin coating. Then, the photoresist is exposed to ultraviolet light
with the contact pad pattern. After exposure, the soluble photoresist is developed by the
developer. The wafer is then placed in a RIE system, where the residual photoresist in
the developed areas is removed by reactive ions. Subsequently, chromium/gold (Cr/Au)
is deposited using an evaporator, and the photoresist is removed with acetone. After the

lift-off process is completed, the measurement chip is ready for use.

Si
Si0,
Ni/Au
Si0,
Si

Fig.I1.2. 8 Measurement chip
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2.3.3  Four-probe method

The four-probe method is a precise technique used to measure the resistivity of
materials. This method measures the resistance of a sample using four independent
probes, thereby avoiding the influence of contact resistance on the measurement results.
The basic principle of the four-probe method is as follows: four probes are arranged in
a straight line at equal intervals and gently contact the surface of the sample. The outer
two probes (current probes) are used to apply current, while the inner two probes
(voltage probes) are used to measure the voltage. As the current flows through the
sample, a voltage drop is generated between the inner probes, which is related to the
resistance of the sample. Based on the current and voltage drop, the resistivity of the

sample is calculated using the appropriate formula.

Chapter 3 Introduction of Sb,Te; Materials

SbyTes (antimony telluride) is a binary compound composed of antimony (Sb) and
tellurium (Te), exhibiting various significant physical and chemical properties. Its
crystal structure is layered, belonging to the trigonal crystal system, with two-
dimensional layered characteristics formed by Sb-Te and Te-Te bonds, where the layers
interact through van der Waals forces. SbaTe;s 1s widely used in thermoelectric materials
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due to its excellent thermoelectric performance, effectively converting thermal energy

into electrical energy, or vice versa, and is commonly used in the manufacture of

thermoelectric modules and thermocouples. Additionally, SboTe; is an important

material for the study of topological insulators.

In this study, we discovered that these superconductors are formed through the pairing

[43] of surface electrons on SboTes nanosheets. Previously, bulk Sb.Tes grown by

furnace melting was known to exhibit superconductivity at approximately 9K. In this

work, we identified another type of superconductivity in SboTes nanosheets, different

from the 9K superconductivity, which becomes superconducting at Tc<2K only when

the thickness is less than 9 quintuple layers (QLs). Specifically, we found that the

superconductivity of SboTes nanosheets depends on the thickness range and manifests

in two distinct forms. When the thickness exceeds 11QLs, this superconductivity is of

the same type as the surface superconductivity found by Zhao et al., but with a smaller

Fermi surface in the SboTes nanosheets. When the thickness is below 11QLs, a new

type of superconductivity begins to form from 9QLs and reaches its maximum around

6QLs, at which point the Dirac cones on the top and bottom surfaces start to mix.

Experimental data and theoretical analysis indicate that the superconductivity [44-48]

in nanosheets originates from the pairing of two surface Dirac fermions, contrasting

with the single-surface superconductivity found by Zhao et al. Our results suggest that
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the pairing symmetry based on surface Dirac cone coupling is undoubtedly dominated

by spin p, + ip, pairing, forming a new class of topological superconductor.

Chapter 4  Sample synthesis and Characterization

4.1 Nanoflake crystal growth

The growth mechanism of SboTes nanoflakes is achieved using the Physical vapor
deposition (PVD) method. This technique involves transferring raw materials from the
source zone to the deposition zone through high-temperature gas-phase reactions. First,
high-purity Sb,Tes powder is placed in the source zone of a quartz tube. A silicon
dioxide (Si0.) substrate is placed in the deposition zone. The quartz tube is then sealed
and evacuated to ensure an oxygen-free environment. By controlling the temperatures
in different regions of the quartz tube, a temperature gradient is established, with the
source zone typically heated to 600°C and the deposition zone maintained at
approximately 300°C. Argon gas is introduced to transport the evaporated source

materials (SbyTes) from the source zone to the deposition zone. In the deposition zone,
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the vapor condenses on the substrate surface, forming Sb,Tes nanoflakes.

Th Tc

Fig.11.4. 1 PVD Schematic diagram

4.2 Sample preparation, characterization and
measurement

In this study, we measured single crystalline SboTes nanoflakes of varying
thicknesses. Two batches of single crystalline Sb,Tes nanoflakes (NFs) with thicknesses
of 5-9 quintuple layers (QLs) (Batch A) and 11-27 QLs (Batch B) were synthesized on
substrates using the PVD method, with SbyTes as the source material. SEM images of
several nanoflakes show that some are standing vertically while others are lying flat on
the substrate. High-resolution TEM (HRTEM) analysis indicates that these nanoflakes
are single crystals. Selected area electron diffraction (SAD) shows the hexagonal lattice

of the ab-plane.

73

doi:10.6342/NTU202404294



Fig.Il.4. 3 TEM image of nanoflake and SAED
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And the sharp diffraction pattern indicates the high crystalline quality of these

nanoflakes. Energy-dispersive X-ray spectroscopy (EDX) mapping demonstrates the

uniform distribution of Sb and Te elements, with an atomic ratio of Sb/Te being

(40£1)/(60£1). To conduct transport measurements, selected nanoflakes were

transferred to a homemade 16-terminal platform using a micromanipulator, followed

by e-beam lithography patterning to create electrodes. The nanoflake NF9, equipped

with electrodes and leads for four-probe measurements, was used. The thickness of the

nanoflakes was measured by AFM, and the thickness profile of NF9 shows an average

thickness of 9.6+0.4 nm. The electrical resistivity of nanoflakes from Batch A and Batch

B was measured as a function of temperature.

Fig.I1.4. 4 Nanoflake NF9 with gold electrodes
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Fig.Il.4. 5 Thickness profile of NF9 taken by AFM

All samples exhibited metallic behavior in the normal state. Generally, the
resistivity is inversely proportional to the carrier density, which increases as the Fermi
energy increases. On average, the electrical resistivity of Batch B nanoflakes is much
lower than that of Batch A, indicating a larger Fermi energy (defined as the energy
difference between the Dirac point and the Fermi surface) for Batch B samples. This
can be understood by noting that the deficiency of Te strongly affects the hole
concentration in p-type SboTes [59, 63, 64], making the carrier density and electrical
resistivity of SboTes very sensitive to the Te atmosphere during the growth process [59].

Lower Te vapor pressure in the growth tube results in higher resistivity due to a smaller
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Fermi surface.
4.3 Characterization of Transport Properties

We investigated the temperature dependence of the electrical resistivity of SbyTes
nanoflakes (NFs) and bulk crystals using Quantum Design PPMS and a *He cryostat.
Fig.I1.4.6b shows the temperature-dependent resistivity of Batch B samples,
specifically 11-, 12-, 16-, 17-, 19-, and 27-Qls NFs. These samples exhibit
characteristics of topological insulators, where thinner NFs demonstrate lower
resistivity. This phenomenon can be attributed to the dominance of surface states in
thinner NFs, which have a larger surface-to-volume ratio. Superconducting transitions
were clearly observed in NF11 and NF12, with transition temperatures T, of 2.2 K
and 2 K, respectively (see insets of Fig.I.4.6b and Fig.Il.4.11). However, the
superconducting transition becomes difficult to observe in thicker samples like NF16
and NF17, and no signs of superconductivity are found in samples with thickness d >
27 QLs. Similarly, the temperature dependence of the resistivity for Batch A samples
(5-, 7-, and 9-QLs NFs) is shown in Fig.I[.4.6a. Significant drops in resistivity at low
temperatures were observed in NF5 and NF7, indicating transition temperatures near
1.27 K and 1.51 K, respectively (see inset of Fig.Il.4.6a). In contrast, NF9 exhibited
only a slight resistivity drop near 0.6 K, suggesting weak superconducting fluctuations
that do not result in a full superconducting transition. Despite both batches of NFs
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displaying superconductivity, their origins differ. To explore these differences, it is
important to note that, as mentioned previously, tellurium (Te) deficiency significantly
impacts the electrical resistivity of the SboTes system. To verify this mechanism, bulk
crystals were grown using the furnace melting method with volume-controlled
techniques. Even small variations in Te vapor pressure can cause a wide range of
resistivity distributions at a fixed temperature, illustrating the presence of surface states.
This observation is consistent with the composition and deficiency sensitivity
characteristics of SbyTes reported by Zhao et al.. In addition to its sensitivity to Te vapor
pressure, the resistivity of Sb,Tes nanoflakes also shows a strong dependence on
thickness. The resistivity or conductivity observed in experimental measurements
depends on the ratio of the surface state to the total volume of the sample. When the top

and bottom surface states do not overlap, the conductivity is given by

$d

o= Zasg+ab (1)
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nanoflakes of Batch A and Batch B respectively. Inset: Enlarged plot of the electrical

resistivity at low temperatures.

79

doi:10.6342/NTU202404294



where &, is the decay length of the surface states into the bulk sample, o is the

conductivity of the surface states, and g;, is the conductivity for the bulk insulating

state. All Batch B samples show 1/d dependence with the same slope, which confirms

that the transport properties of Batch B samples are dominated by non-overlapped

surface states with the same Fermi energy. This is also consistent with the crossover

behavior of the surface state dispersion of ARPES observed in Bi>Ses [65] and SboTes

[62]. Hence, we conclude that the Dirac surface states of top and bottom surfaces do

not have appreciable overlap for Batch B samples. The observed superconductivity can

be thus attributed to occur in individual surface Dirac cone and belongs to the same

superconducting class observed in bulk SbrTes. However, since the normal state

resistivity of Batch B samples is at least twice larger than that (0.6uQ — m) of bulk

SboTes grown by furnace melting method, the charge carrier density is smaller and

hence the transition temperature is less than 9K. On the other hand, Batch A samples

exhibit completely different transport properties. The conductivity starts to deviate from

linear behavior, indicating that the transport properties of Batch A samples are

dominated by overlapped surface states. In this case, the surface states overlap, and the

conductivity measured from current and voltage depends on the detailed current

distribution. Therefore, the ratio of the decay length to thickness, 2&;/d, in Eq.(IL.1)

is replaced by an enhancement factor, s(d), to account for the current distribution.
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Notably, there is a significant change in current distribution between NF5 and NF7,

with the ratio s(d = 5)/s(d = 7)~4.5. This reflects the fact that hybridization occurs

in the NF5 sample. The resistivity in Batch A samples is generally an order of

magnitude larger, indicating an even smaller Fermi energy compared to Batch B

samples. Fig.I1.4.6 a shows that superconductivity in Batch A samples begins at 9 QLs

with a transition temperature T, = 0 and reaches a maximum of 1.52 K near 7 QLs.

Since the surface Dirac cones on the top and bottom surfaces start to hybridize, this

suggests that the superconductivity in Batch A samples originates from the coupling of

inter-surface Dirac cones. Moving forward, we will focus on analyzing Batch A samples.

4.4 Shubnikov-de Haas Oscillations and Surface Dirac

Cone States

The Landau levels (LL) observed in Shubnikov-de Haas (SdH) oscillations are one

of the most direct probes of quasiparticle excitations in metals. These oscillations

provide direct evidence of surface Dirac cone states and information about the Fermi

energy (Er) in SbyTes nanoflakes. In the inset of Fig.I1.4.7b, the SdH oscillation is

clearly shown in the field dependence of the electrical resistivity in NF9. Arrows

indicate the locations of oscillations that are present at all temperatures, while other

oscillation-like features not present at all temperatures are not considered signals of
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quantum oscillations. Using the semi-classical Onsager equation [66, 67]:

2n(n +y) = Sp— 2)
eB

where Sy is the cross section of the Fermi surface (FS), n is the LL index, e is the
electron charge, y is the Berry phase, and B is the magnitude of the magnetic field, we
determined Sy and y. We found SF=18.8 and y=0.65. The value of y being close to
1/2 indicates that the surface state of NF9 is roughly a massless Dirac fermion.
Additionally, the resulting Fermi wave vector kF is found to be 0.024 A™!, which is
smaller than the kF~0.0347 A™! of the surface state in bulk Sb>Tes as reported by Zhao
et al. [59], consistent with conclusions based on resistivity measurements at zero field.
To calculate the Fermi level distance E from the Dirac Point, we adapt the Fermi
velocity as vp~4 — 5 X 10°m/s which is derived from the surface state dispersion of
ARPES [62,68]. The corresponding Fermi level distance would be in range of Ep =
64~80 meV. Further analysis is performed to confirm the presence of surface Dirac
cones by examining the weak anti-localization effect. This is done by first subtracting
a classical background contribution G, = 1/(Ry + R{B) [69,70]. In the weak field
limit when the magnetic length is much larger than the elastic scattering length, the
deviation of the residual conductance due to quantum correction, AG = G(B) — G(0),

is then fitted by using the Hikami-Larkin-Nagaoka (HLN) model [67, 71],

ae? h 1 h
AG= -3 [ln (4eprB> UG+ 4eprB)] ®)
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where a is a dimensionless parameter determined by the number of conduction
channels and the strength of the spin-orbit coupling,  is the digamma function, and
Ly is the effect coherent length. As shown in Fig.Il.4.7a, the magneto conductance
clearly exhibits weak anti-localization behavior. Furthermore, we find that the phase
coherence lengths of NF5, NF7 and NF9 are 68, 178, and 57 nm, respectively, whereas
the fitted pre-factors a are -0.96, -0.97, and -1.37 for NF 9, NF7, and NF5 respectively,
in consistent with the presence of two Dirac cones in top and bottom surfaces [62]. The
measured weak anti-location effect in together with the quantum SdH oscillations thus

confirm the presence of two surface Dirac cones with kp being 0.024 A"l
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Fig.I11.4. 7 (a) (b) are magnetic field dependent transport properties that illustrate the

existence of surface states
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4.5 Magnetic phase diagram and transport properties in
B fields

The temperature dependence of resistivity for NF5, NF7 and NF9 under magnetic
fields was performed to investigate the breaking and pairing symmetry of
superconductivity. In perpendicular fields (HZ, ), both NF5 and NF7 present a drastic
shifting of superconducting transition to lower temperatures as magnetic field increases
up to 2 T and IT respectively. The estimated perpendicular upper critical field
(determined by the onset of decreasing resistivity) for NF5 and NF7 at zero temperature
are about 2 T, and 1 T respectively. For NF9, the resistivity bending (a trace of
superconductivity) near 1.3 K is quickly suppressed by magnetic field of 0.5 T, showing
a relatively weak superconducting transition in NF9. The temperature dependence of
resistivity for NFs of Batch B under magnetic fields shows similar pair breaking effects.
On the other hand, for fields in parallel to the surface of nanoflakes, the observed upper
critical field Hl'z is much larger than HZ;. The in-plane critical fields Hﬂz for Batch
B samples (represented by NF11) exhibit steep curvature near T.. It shows that for
Batch B samples, the extrapolated H ﬂz (0) (~12 Telsa) is much less than the estimated
Hﬂzorb (0) based on the orbit effects. Hence the in-plane upper critical fields of Batch
B samples at zero temperature are driven by the paramagnetic limit, which implies that
there is singlet pairing component in Batch B samples. On the other hand, for Batch A
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samples (represented by NF5), there is no steep curvature observed near T.. The
extrapolated H),(0) is larger than the estimated H!?™(0). It is thus expected that
Hﬂz (0) is determined by the orbit effects, which indicates that Batch A samples are
dominated by the triplet pairing.

The field-dependent resistivity of NF5, NF7 and NF9 under magnetic fields represent
the breaking of superconductivity by magnetic fields (Fig.I1.4.12). The electrical
transport properties in the presence of magnetic fields are performed in the *He-insert
with a low frequency (9.7 Hz) AC excitation. Fig.I1.4.12 and Fig.I1.4.13 present results
of measurements at 0.3 K. Fig.I.4.12 shows the normalized resistivity R/Rot, where
Ror is the resistivity at 9 Tesla. The normalization of resistivity to Ror removes effects
due to the weak anti-localization effects observed in Fig.I1.4.7a. NF5 and NF7 both
shows clear superconducting transition that their resistance drops to zero at absence of
magnetic field, while the NF9 shows a mild resistivity drop around 0.3 Tesla. The
arrows in Fig.11.4.12 indicate locations of the critical fields Hc2 at 0.3 K, and they are
determined as 1 and 0.8 Tesla for NF5 and NF7 respectively, which shows the strong
increase of He; as d decreases. Meanwhile, an in-situ current dependent measurements
were also performed by DC excitation with so-called bias compensation technique to
study the behavior of current dependent pair breaking. The results indicate that the
superconductivity was suppressed by increasing of excitation current in NF5 and NF7,
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and their critical currents density Jc are determined by the inflection point of that in
first transition (arrows in Fig.I1.4.13) as 5 X 10® and 0.93 X 10® A/m?, respectively.
Combining results of Hc2 and Jc indicates that they have the same thickness-
dependence (Fig.11.4.14).

The strong thickness-dependent magnetic properties have the same origin from the
hybridization of inter-surface Dirac cones. The perpendicular upper critical HZ is
determined by the orbit effect when vortices overlaps and is given by HZ = ¢o/2mé?
[73] with ¢p5 being the flux quantum and ¢ being the effective coherence length at
zero temperature. In presence of disorders, & = 0.885m with &, being the
coherent length of clean system ( {, = hvg/mA) and £ being mean free path. Since the
gap function A is proportional to T., the increase of ¢, from NF7 to NF5 is
approximately given by the ratio of T,. When top and bottom surface states start to
overlap, the mean free path £ is limited by thickness and can be estimated by d. The
ratio of H;,(NF5) to H.,(NF7) is thus given by T-(NF5)/ To(NF7) X7/5~1.17, which
agrees with the ratio obtained in Fig.I1.4.14. The enhancement of H., for small d can
be thus attributed to the hybridization of inter-surface Dirac cones and the inter-surface
pairing. On the other hand, the critical current density Jc is limited by the self-generated
magnetic flux at surfaces that enters the sample [74]. When the penetration depth at
zero temperature satisfies A(0)~d, the current distribution is uniform and critical
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current density is given J.~H.1/d with H;; being the lower critical field. As
explained in previous sections, the enhancement factor due to hybridization for the
current distribution between NF7 and NF5 is s(d = 5)/s(d = 7) ~ 4.5. Hence the
change of the critical current density Jc from NF7 to NF5 is roughly s(d = 5)/s(d =

7) ~ 4.5(H¢; depends on the penetration depth A(0), which is roughly independent

of d), in agreement of the ratio obtained in Fig.I1.4.14.
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9 Tesla of each samples. The upper critical fields are determined by the onset of

decreasing resistivity as indicated by arrows (Hcz).
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4.6 Theoretical analysis and mechanism of
superconductivity

The superconductivity in SboTes nanoflakes can happen through two different
pairing channels as illustrated in Fig.I1.4.15 [75]. Here the pairing amplitude in the same
surface Dirac cone is represented by Ag while the pairing amplitude between top and
bottom surface Dirac cones is represented by A;. The inter-surface pairing A; is a
purely triplet-pairing but the intra-surface pairing Ag is an equal mixure of singlet and
triplet pairing. Both pairing channels contribute the energy of quasi-particles in the form
Ep = \/m with &, Dbeing the energy dispersion that includes the
hybridization of top and bottom surface states. The pairing strength and the
superconducting transition can be analyzed by including both the attractive interaction
due to phonons and the Coulomb repulsive interaction. Generally, Ag and A, satisfy
gap equations governed by the net attractive potential V,(k,p) (@ = s or t)and Ej

E
tanh (Bz—p

25,  La 4)

Ag= = 2p Va (kD)

where f = 1/kgT is the inverse of temperature. Since the net potential V,(k, p)
is different for different paring channel, the gap equation can not be satisfied for both
Ag and A, at the same time. Hence the intra-surface pairing Ag and the inter-surface
pairing A, can not coexist and only one of the pairing amplitudes can appear for a

given thickness d. The pairing symmetry for a given thickness can be thus found only
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by explicitly computing the transition temperature of Eq. (4).
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Fig.I.4. 15 A schematic plot of Dirac cones for the top (t) and bottom (b) surfaces of a

(
(

)

nanoflake with thickness d, showing intra-surface pairing—the pairing of electrons on

the same surface [75].

In the general situation when the electron-phonon coupling is not weak, the

transition temperature can be best described by McMillan formula

T, = 6p [ 1.04(1+21)

= — 5
1.45 A—p*(1+1.622) )

The Debye temperature, 0p, represents the temperature associated with lattice

vibrations, while A is the electron-phonon coupling constant. The Coulomb
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pseudopotential, u*, is expressed as p* = pu/[1 +1In (A/w.:)] , where p denotes the
Coulomb interaction strength, A is on the order of the plasma frequency, and w, is
the cutoff energy for electrons near the Fermi level. For SbyTes nanoflakes, the Debye
temperature is approximately 180 K. We set w. = 6y and define A as the distance
from the Dirac point to the Fermi energy. The speed of phonons is v, =2 km/s. and
the decay length &, is around 1.2 nm. The mass of ions is taken as 124.7 u, and the
ion charge is assumed to be the average of 3e and 4e, which is 3.53e.

By further including the screening effect, the Coulomb interaction strength
depends on both the Fermi energy and sample thickness. In Fig.I1.4.16, we show the
computed thickness dependence of electron-phonon coupling A, strength of Coulomb
interaction p, and transition temperatures T, for three different Fermi wavelengths,
representing Batch A samples, Batch B samples, and the bulk Sb.Tes. Note that for a
given thickness, the pairing symmetry of the nanoflake is determined by the pairing
channel with highest T.. Due to the finite thickness, the inter-surface Coulomb
interaction strength is always weaker than the intra-surface Coulomb interaction.
Therefore, in large thickness limit, the intra-surface Coulomb interaction always
dominates. In this limit, the superconductivity results from the competition between
intra-surface Coulomb interaction and electron-phonon coupling. For large Fermi
energies as shown in Fig.11.4.16c, the Coulomb interaction is screened strongly. Hence
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the resulting intra-surface superconductivity survives in bulk Sb2Te3. For small Fermi

energies as shown in Fig.I1.4.16a and Fig.I1.4.16b [75]., however, the screening of the

Coulomb interaction is weaker. The intra-surface superconductivity approaches to

vanish in the bulk limit.

AR TR

R *
5 10 15
T3
—T!
L ]
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Fig.Il.4. 16 The electron-phonon coupling A, thickness dependence, the Coulomb

interaction strength u, and the transition temperatures T, for three distinct Fermi

wavelengths that simulate Batch A, Batch B, and bulk SboTe; are as follows:: (a)

Samples from Batch A are 0.5kp (b) Samples from Batch B are 0.84kp (¢) kg

corresponds to the bulk SboTes Fermi wavelength. In this context, d represents the

number of quintuple layers. The intra-surface and inter-surface quantities are denoted
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by the subscripts s and t, respectively. The Debye temperature is set to 180 K, the
phonon speed is set to v, = 2 km/s, the decay length is set to §a =1.2 nm, the ion mass
is set to 124.7 u, and the ion charge is assumed to be the average of 3e and 4e, or 3.53¢

[75].

For small thickness sample, the inter-surface electron-phonon coupling becomes
important. The competition between intra-surface pairing and inter-surface pairing is
thus driven by the competition between intra-surface and inter-surface electron-phonon
couplings. It is seen that for bulk Sb,Tes, the pairing is predominantly the intra-surface
pairing in each individual surface except for a couple of sample thickness in which the
inter-surface pairing wins over. For SboTes nanoflakes between 5QLs and 9 QLs, the
inter-surface pairing starts to dominate for both Batch A and Batch B samples, while
the intra-surface pairing dominates over again when the hybridization gap is fully
formed below 5 QLs. For samples with thickness below 4 QLs, without further doping,
the Fermi energy would lie inside the hybridization gap. As a result, superconductivity
disappears below 4 QLs.

Therefore, we conclude that for samples with smaller Fermi energies such as Batch
A and Batch B samples, the pairing symmetry is unambiguously dominated by the triple
pairing A;. The exact pairing symmetry is determined by re-expressing the attractive
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potential V;(k,p) in terms of the energy eigenstates. This is similar to the Fu and
Kane’s proposal of generating topological superconductivity through the proximity of
the surface Dirac cone states to a s-wave superconductor. By combing the surface Dirac
cone states and V;(k,p), we find that A, leads to spinful p, + ip, pairing. Hence
Batch A samples are dominated by the triplet p, + ip, pairing [75]., which is in

agreement with the measurements of in-plane upper critical fields.

Chapter 5 Conclusion

Although the aforementioned depiction of topological superconductivity pertains
to SboTes nanoflakes cultivated in our investigations, we anticipate that the same
technique can be extended to other surface states of three-dimensional topological
insulators. In conventional superconductivity in bulk materials, singlet and triplet
pairing channels are projected into distinct channels but are governed by the same
electron-electron and electron-phonon interactions. As a result, the condition for odd-
parity superconductivity is usually difficult to be satisfied in bulk materials, and this
results in the rareness of natural topological superconductors. The occurrence of the
inter-surface pairing presented in this work illuminates a new path to topological
superconductivity. It is the separation of surface Dirac cone states in 3D topological
insulators that makes it possible to split the behavior of the triplet pairing and the singlet
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pairing channels for materials in thin film geometry. The difference in electron-electron

interactions and electron-phonon interactions for electrons in intra-surface states and

inter-surface states allows the odd-parity superconducting channel to dominate through

the change of sample thickness.

Experimentally, in addition to the control of sample thickness, the occurrence of

superconductivity also relies on the ability to tune the electron density through the

control of the Fermi energy. For SbyTes crystals, the sample is extreme sensitive to the

growth parameters as also noticed by Zhao et al. [59]. In fact, as revealed in the STM

measurements, surfaces of bulk SboTes crystals exhibit large charge fluctuations as

patches of superconducting regions with different superconducting gaps. These

superconducting puddles origin from local shifts of the Fermi energy due to bulk charge

defects (or dopants) [77]. Similar charge carrier puddles are also observed in other 2D

Dirac systems [78], reflecting sensitivities of surface states on bulk doping

inhomogeneity as the average Fermi energy approaches the Dirac point. As a result of

inhomogeneous carrier fluctuations, the electrical resistivity of bulk Sb,Tes; is very

sensitive to the growth conditions of the Te atmosphere as shown in our work). However,

for thin topological insulators, since the ratio of surface to bulk volume increases as the

thickness d decreases, the charge carrier fluctuations also decrease for small thickness.

As a result, one expects that superconducting states observed in SboTes nanoflakes are
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more homogeneous. The superconducting transition in SboTes nanoflakes is thus not in

the same class driven by percolation of superconducting gaps observed by Zhao et al..

However, for p-type Sb>Tes crystals, the main bulk defects (anti-site defects) also tend

to increase the hole doping. This would decrease the shift of the Fermi energy for

surface states due to bulk charge defects. As a result, averagely speaking, the Fermi

surface is smaller for small thickness. This explains why the Fermi surface of Batch A

samples is smaller than that of Batch B samples. The fine-tuned doping control in

SboTes nanoflakes is thus achieved through careful control of the Te vapor and p-type

nature of bulk defects. While we expect that the same mechanism for inter-surface

pairing can be also applied to other surface states of 3D topological insulators, the main

challenge to realize the topological superconductivity through the inter-surface pairing

in other systems is the fine tuning of the doping level for surface states.

In conclusion, we have illuminated a new path to topological superconductivity

through the formation of inter-surface pairing for surface electrons in Sb,Tes; nanoflakes.

When the thickness of nanoflakes is above 11QLs, we find that the superconductivity

in nanoflakes is in the same class of superconductivity that occurs at individual surface

of the bulk Sb,Tes discovered by Zhao et al. [59]. On the other hand, for the thickness

being below 11 QLs, a new class of superconductivity is found to start forming at 9

QLs and reaching maximum around 6 QLs when the surface Dirac cones at top and
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bottom surfaces start to hybridize [62]. Both experimental data and theoretical analyses
indicate that the superconductivity origins from pairing between two surface Dirac
fermions in nanoflakes, in contrast to the intra-surface superconductivity that occurs
above 11 QLs. Our results indicate that the pairing symmetry due to the coupling of
inter-surface Dirac cones is unambiguously dominated by the spinful p, + ip, pairing

and forms a new class of topological superconductors [75-77].
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Chapter 1 Introduction of Thermoelectric Device

1.1  Single-Leg Thermoelectric Device

A single-leg thermoelectric device is a fundamental component in thermoelectric
applications, used for power generation and cooling. It consists of a single
thermoelectric material that converts temperature differences into electrical energy or
vice versa using the Seebeck effect and the Peltier effect. The Seebeck effect occurs
when a temperature gradient exists across the thermoelectric material, generating a
voltage, which can be used for power generation. The Peltier effect occurs when an
electric current flow through the thermoelectric material, creating a temperature
difference, which can be used for cooling or heating applications. The core of a single-
leg thermoelectric device is the thermoelectric material, which can be an n-type or p-
type semiconductor.

In terms of applications, thermoelectric devices can be used for waste heat recovery in
industrial processes and automotive engines, providing power to small electronic
devices in environments where traditional power sources are not feasible. In cooling
applications, these devices can be used for cooling electronic equipment such as CPUs
and GPUs, as well as in portable coolers and refrigeration systems. In summary, a
thermoelectric device is a simple yet versatile component that utilizes thermoelectric
effects for power generation and thermal management. Its solid-state nature, reliability,
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and scalability make it an ideal solution for various applications.

1.2 Basic Concepts of Thermoelectric Conversion
Efficiency
The thermoelectric conversion efficiency (1) of a thermoelectric generator is the

ratio of electrical power output to the heat power input. It is given by:

Pout Pout
= — X 0fy = —— X 0
n on 100% P+Q, 100% 1)

where Pou is the electrical power output and Qn is the hot side heat, Q. is the cold side
heat. And Pow =VXI. For an ideal thermoelectric device, the efficiency can also be

expressed in terms of ZT:

T

)

where AT is the temperature difference between the hot and cold sides, Thot and

Tcoiq are the absolute temperatures of the hot and cold sides, and ZT .y is the average

figure of merit of the material over the temperature range.
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Chapter 2 Sample Preparation and Single-Leg

Thermoelectric Efficiency Setup

2.1 Sample Preparation

The AgSbTe, was synthesized using high-purity Ag shots (99.99%), Sb shots
(99.999%), and Te ingots (99.999%), which were loaded into carbon-coated quartz
tubes. The quartz tubes were sealed under a vacuum of approximately 4x10° Torr. The
samples were slowly heated to 723 K over 8 hours, held at that temperature for 10 hours,
then heated to 1148 K over 10 hours, and soaked at that temperature for 10 hours. The

samples were then cooled to 698 K and annealed at this temperature for 20 hours.

2.2 Single-Leg Thermoelectric Efficiency Setup
Thermoelectric generators (TEGs) devices are designed to convert thermal energy
into electrical power directly. So, the optimization of heat-to-electricity conversion
efficiency stands as a paramount objective. In this work, we have employed a four-point
probe methodology to quantify and compute power generation and device efficiency. A
heater was strategically positioned above the apparatus, while three thermocouples
were placed at distinct locations to monitor temperature fluctuations meticulously.
Furthermore, the four-point probe configuration integrated a voltmeter and current
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supply, strategically designed to effectively alleviate the potential influence of line and
contact resistance during the measurement procedures [78].

We used silver paste to reduce thermal resistance and improve contact between the
copper plates and the heater. Copper block (length of 11.2mm and cross-sectional area
of 2.9x2.9 mm?) were employed as heat flux (II1.3) meters to measure the heat flow
through the TE leg, equipped with three K-type thermocouples embedded to determine
the temperature differences (TC h: hot side; TC c: cold side; TC base: heat sink).

A
Qin =Kk AT ()

Fig.II1.2. 1 Schematic diagram of the device setup. (b) Photograph of the device.
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Chapter 3 Introduction of AgSbTe, Materials

Silver antimony telluride (AgSbTe) is a ternary compound that has garnered
significant attention for its excellent thermoelectric properties. This material is part of
a broader family of chalcogenides, which are compounds containing at least one
chalcogen element (such as sulfur, selenium, or tellurium) and often exhibit interesting
electronic and thermal properties. AgSbTe> crystallizes in a cubic or rhombohedral
crystal structure, depending on the specific synthesis conditions. The structure is
characterized by a complex arrangement of Ag, Sb, and Te atoms, which contributes to
its unique electronic and thermal properties. The crystal lattice typically consists of
alternating layers of silver and antimony atoms bonded with tellurium atoms, forming
a three-dimensional network. Its properties include a high Seebeck coefficient, low
thermal conductivity, and good electrical conductivity, making it highly effective in

maintaining temperature gradients and achieving efficient thermoelectric performance.
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Fig.II1.3. 1 AgSbTes crystal structures

Chapter4  Measurement and Characterization

4.1 Measurement of Thermal Properties

The temperatures of TCp, TCc, and TChase can be determined using three K-type
thermocouples. Additionally, the voltage difference generated by the temperature
gradient can be measured using a voltmeter, allowing for the calculation of the Seebeck

coefficient, which is 198 puV/K.
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4.2

Characterization

4.2.1 Output Power

Here, I represent the current in the circuit, Vi denotes the load voltage, Voc stands

for open-circuit voltage, and R signifies the internal resistance. While the current

supplied by the external instrument can be accurately determined, the internal resistance,

including the electrical contact resistance between the TE leg and the electrodes,

significantly impacts the determination of the actual output power of the TE material.

Power (mW)

N
T

N
|

0.4
Current (A)

Fig.I11.4. 3 Output power dependent on current
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4.2.2 Single-Leg Thermoelectric Properties

The first one calculates heat input by considering the thermal conductivity, cross-
sectional area, length, and temperature difference of the material, which in this case is
a copper block. The second formula, on the other hand, measures the efficiency of a
system. It does so by dividing the output power by the sum of the output power and the
heat flow out of the cold side, expressed as a percentage. This efficiency calculation
provides insight into how effectively the system converts input energy into useful

output power.

300+ —®— Copper heat flow

250

Heat (mJ)
= )
S 38

100

50 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1
04 06 08 10 12 14 16 18 20
AT (°C)

Fig.I11.4. 4 The relationship between temperature gradient and heat flow in the copper

block during heating.
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Fig.II1.4. 5 The relationship between current and thermoelectric efficiency
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Chapter 5 Conclusion

In summary, our study focused on a Single-Leg Thermoelectric Device, presenting its
setup and components. We explored the relationship between current and temperature
during heater activation, observing a maximum temperature difference of 150°C as the
current varied from 10mA to 30mA. Additionally, by analyzing temperature gradients
and EMF, we determined the Seebeck coefficient as 198 pV/K. Furthermore, varying
the current from OA to 0.8A, resulted in a peak power output of 6.4mW. Lastly, we
examined the correlation between current and thermoelectric efficiency, achieving a
maximum value of 2.1% at a temperature difference of 150 degrees Celsius. The
efficiency obtained at the same temperature difference is similar to that of the reference
literature [79,80]. These findings provide valuable insights into thermoelectric device

behavior and potential optimization for enhanced energy conversion.
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