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Nomenclature

The following list contain the most important symbols and abbreviations which were used in this

work.

Symbols

p Resistivity

Mp Magneto-resistivity

AG Magneto-conductance

lg Phase coherence length

R Resistance

Ryx Longitudinal resistance

Ry, Hall resistance

B Magnetic field

u Mobility

n Carrier concentration

S Seebeck coefficient

o Electrical conductivity

k Thermal conductivity

k; Lattice thermal conductivity
Cp Heat capacity

a Thermal diffusivity

k, In-plane thermal conductivity
k Cross-plane thermal conductivity
PF Power factor

ZT Figure of merit

kg Boltzmann constant

h Plank constant

m* Effective mass

R Reflectivity



Er Fermi energy

f(E, Er) Fermi Dirac distribution function
of Bulk Drude conductivity

o} Surface Drude conductivity

0? Plasmon conductivity of surface carriers
wp Plasmon frequency

Ve Fermi velocity

uw Chemical potential

Ys Surface scattering rate

Tg Surface scattering lifetime

ng Bulk carrier concentration

Ng Surface carrier concentration

Ug Bulk carrier mobility

Us Surface carrier mobility

Abbreviations

Bi,Tes Bismuth telluride

T Topological insulator

DP Dirac point

TRS Time reversal symmetry

TE Thermoelectric

THz Terahertz

QH Quantum Hall

QSH Quantum spin Hall

SEM Scanning electron microscope
EDX Electron dispersive X-ray

AFM Atomic force microscope

TEM Transmission electron microscope
BET Brunauer-Emmett-Teller

IL lonic Liquid

IR Infrared spectroscopy



DOS
CB

VB

DC
WAL
WL
HLN
TKNN
SOC
PPMS
VdP
ETO
TTO
STM
ARPES
AB
SDH

BZ

Density of state

Conduction band

Valence band

Direct current

Weak anti localization

Weak localization

Hikami Larkin Nagaoka

Thouless, Kohmoto, Nightingale, and denNijs
Spin orbit coupling

Physical property measurement system

Van der Pauw

Electrical transport option

Thermal transport option

Scanning tunneling microscope

Angle resolved photoemission spectroscopy
Aharonov-Bohm

Schubnikov-de Haas

Brillouin zone



Introduction

Three-dimensional (3D) topological insulators (Tls) hosting surface carriers with extremely high
mobility (1) are intensively studied since their discovery due to their promising technical applications
e.g. thermoelectricity. While surface transport properties of 3D Tls are of outmost importance for
potential applications, they are difficult to characterize, yet utilize. The reason is that electrical
transport properties of these materials are always dominated by bulk carriers that outnumber
surface transport by orders of magnitude.

Within this thesis, it will be shown that the problem of bulk carrier dominance can be overcome
conceptually by a nanoparticle-based material design strategy. Bi,Tes nanoparticles that are well
known for their excellent thermoelectric and topological insulating properties serve as model system.
The Bi;Tes nanoparticles were synthesized by the chemist partners at University of Duisburg-Essen
with two different chemical approaches (classical and developed synthesis routes) in weakly binding
ionic liquids (ILs) to ensure high purity of the nanoparticle surfaces. To make quantum transport
visible on microscopic scale, nanoparticles having low levels of impurities and surface contaminations
were compacted using hot pressing technique.

In this work, electrical transport properties of Bi,Tes; compacted nanoparticles which were
synthesized by distinct chemical approaches were investigated using temperature-dependent
resistivity (p), magnetoresistivity (Mp) and Hall characterization techniques. To provide a better
insight of the interplay between the observed transport properties and microstructural configuration
of Bi;Tes bulk samples, diverse morphological analysis including scanning electron microscope (SEM),
electron dispersive X-ray (EDX), atomic force microscope (AFM), Conductive-AFM, Brunauer-Emmett-
Teller (BET) and transmission electron microscope (TEM) were effectively employed.

Tailored-based electrical transport properties together with the observed evidences of surface
transport carriers in a real Tl Bi;Tes bulk material, emphasizes on the unique nanoparticle-based
design strategy. To elucidate separate contribution of surface and bulk transport carriers in the
observed measurement signal, time-domain terahertz (THz) spectroscopy was successfully applied by
the THz partner at University of Duisburg-Essen. Therewith, the observed THz spectra was
mathematically modeled using three different contributions of surface and bulk Drude carriers
together with plasmonic contribution of surface carriers.

Finally, to realize the importance of having high quality Bi;Tes nanoparticles of having clean surfaces
for thermoelectric (TE) applications, TE properties of Bi;Tes nano bulk samples were investigated

using Seebeck (S), electrical conductivity (o) and thermal conductivity (k) characterization.

10



Hopefully, the obtained results of this thesis could open the path towards microscopic quantum

materials as well as high efficient TE materials.
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Chapter.1

Fundamentals of topological insulators

Introduction

Tls are new class of quantum materials representing a bulk band gap similar to the insulating phase
of matter along with gapless surface states which are protected by time reversal symmetry (TRS)!2.
Compared to conventional surface states®, topologically-protected surface carriers of Tls possess
fascinating features defining them as a novel category of quantum materials. In 2016 the Nobel Prize
in physics awarded to D. J. Thouless, F. D. M. Haldane, and J. M. Koserlitz for theoretical discovery of
topological insulating phases of matter* which has opened new horizons in condensed matter
physics, chemistry and material science. From that time, theoretical and experimental efforts have

been invested on further exploration of these unique states of matter®®.

In the following, first quantum Hall (QH) effect as a preliminary introduction of topologically-
protected materials is provided and explained in more details. Moreover, concepts of topology,
qguantum spin Hall (QSH) effect and 3D Tls are presented and discussed schematically. Finally, a brief
summary of experimental techniques of visualization and characterization of topologically-protected

carriers along with the most significant hindrance of topological carrier detection will be provided.

1.1. Quantum Hall effect
1.1.1. Manifestation of significant conflict

QH effect as one of the fundamental concepts in physics and material science plays a significant role
for the discovery of Tls. In 1985 Nobel Prize in physics was awarded to German physicist Klaus von
Klitzing for the discovery of QH effect’”. The quantum Hall effect introduced a new geometry-
independent state of matter that was microscopically similar to a normal insulator; however, it was
theoretically confirmed that QH system was not topologically equivalent to a normal insulator®.
Aiming at topologically-protected states of matter, conceptual perception of QH effect is inevitable.
As illustrated in Fig.1 (a), confined electrons of a 2D QH system which are exposed to a strong
magnetic field (B), reveal an orbiting electronic motion with frequency of w. known as cyclotron
frequency?; therefore, as demonstrated in Fig.1 (b), spatially-localized and quantized levels known as
Landau levels (Y,,), with specific energy of €, are created. Based on eq.1, €, is directly related to

We,
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Fig.1: (a) Schematic representation of QH effect. (b) Schematic representation of harmonic oscillator wave functions.

As schematically represented in Fig.1 (b), Fermi level of Er locating in the band gap of 2D electronic
system, signifies a phase of matter which is not microscopically different from a conventional
insulator. However, current of I resulting from skipping electronic motions (blue arrows), introduces
metallic surrounding boundaries into the 2D QH system which is basically against the previous
assumption. Based on QH experiment conducted in 19807, longitudinal resistivity (p,,) represented
with the red curve in Fig.2, exhibits an oscillating behavior as a function of B. Simultaneously, Hall
resistance (Ry) starts increasing, representing quantized plateaus exactly over the same B interval

where p,., dropped to zero.
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Fig.2: QH experiment?; red and green curves illustrate p,, and Ry behavior respectively.
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1.1.2. Topology

Historically, classification of diverse states of matter originates from principle of broken symmetry®
where, crystalline solids, magnets and superconductors were classified based on translational,
rotational and gauge symmetry breakage respectively. However, there is no symmetry which is
clearly broken in a QH system. In another word, the difference between QH system and a normal
insulator is not distinguishable based on the phase transition principle. To differentiate these two

systems from each other, the concept of topology is required to be taken into account.

Topology is conceptually related to material classification based on geometrical properties using
mathematical equations®. In Fig.3 (a) two different topological classes are demonstrated in red and
blue; simply speaking, objects belonging to the red group (without any hole) are topologically distinct
from objects belonging to the blue group (with one hole). Interestingly, objects of each topological
classification are prone to be transformed into each other through bending or stretching without any
surface breakage; as demonstrated in Fig.3 (b), a coffee cup is continuously converted into a donut
yet, preserving the corresponding topology. However, surface breakage as a result of converting

objects from one topological classification into the other one is unavoidable.

- ©voee6o

Fig.3: (a) Representation of two topological classifications. (b) Continuously deformation of a coffee cup into a donut!?.

Similarly, gapped band structures which can be continuously transformed into each other without
closing the band gap, are classified into the same topological categoryl. This continuous
transformation can be well explained based on the concept of topological invariant known as TKNN
invariant or Chern number which was introduced for the first time by Thouless, Kohmoto,
Nightingale, and denNijs!2. By continuously deforming objects of the same topological class into each
other TKNN invariant stays the same specifying independency of this number from details of the
surface. Based on this concept, scientist found new classification of electronic structures where QH

system was topologically distinct from a conventional insulator® . TKNN as a criterion of topology
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specification associates with Berry flux integration over the entire Brillouin zone (BZ). Considering BZ
as a torus, the result of such integration over the whole BZ is equal to an integer number.
Interestingly, this integer is exactly the one describing quantum Hall conductivity. Depending on

topological properties, different systems exhibit distinct quantum Hall conductivities.

As demonstrated in Fig.4 (a), one-dimensional current of I is conducted on the edge of the 2D QH
system by applying strong B. Interestingly, by introducing smooth deformation or non-magnetic
impurities (yellow spheres) into the system, I still persists flowing around®. This feature can be
interpreted as current robustness of QH system with respect to different kinds of perturbations as

long as TKNN invariant stays the same.

——

b

Fig.4: (a) Two-dimensional and (b) three-dimensional representation of QH system; blue arrows specify one-directional

electronic motion in presence of non-magnetic impurities (yellow spheres).

Current Robustness against non-magnetic dislocations and disorders in the system associates with
uni-directional electronic motion where electrons of the 2D QH system have only one degree of
freedom. As demonstrated in Fig.4, by introducing non-magnetic impurities into the system,
electrons persist moving on a detour-like trajectory around the incorporated impurity. Consequently,
in the QH system, dissipationless electronic transport is offered by absence of back-scattered
electronic motions?®®. Dissipationless electronic transport is of great interest for semiconducting
electronic devices; however, providing a strong B creates a severe hindrance in potential application

of QH effect.

1.2. Quantum Spin Hall effect

For the first time, Bernevig et. al. introduced quantum well of CdTe/HgTe/CdTe as the first QSH
system where, HgTe layer was sandwiched between two CdTe layers with strong spin-orbit coupling

(SOC)*®. Theoretically, intrinsic interaction of SOC plays the role of strong B as was discussed in QH
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effect, creating 2D metallic boundaries within the material. Materials representing QSH effect are

known as 2D TIs'’.

A QSH system provides exclusively separated transport channels of electrons carrying spin-up and
down directions. As illustrated in Fig.5 (a), system consists of four distinct transport channels which
are hosted by electrons with spin-up and down moving in forward and backward directions
respectively. Electrons of top and bottom edges demonstrate opposite transport features, i.e. while
electrons with spin-up at the top edge move in forward direction, the corresponding spin-up

electrons at the bottom edge move in the backward direction.

t
v
A

a c

Fig.5: (a) Schematic representation of QSH system; while, spin-up/down electrons of the top edge move in
forward/backward directions, respectively, spin-down/up electrons of the bottom edge move in forward/backward
directions correspondingly. (b)-(c) Schematic illustration of destructive interference of electrons with spin-up and spin-

down moving in CW and CCW directions respectively.

Two distinct blue and yellow lines of each edge carrying opposite spin directions do not interfere
with the concept of current robustness. For more clarification, schematic illustrations of this concept
are provided in Fig.5 (b)-(c) where electrons with spin-up and down directions encounter a non-
magnetic impurity represented with a blue sphere. Electrons with spin-up and down persist moving
on a detour-like trajectory in clockwise (CW) and counter-clockwise (CCW) directions respectively.
After one rotation, the resulted phase difference would be equal to 2 resulting in a destructive

interference of two back-scattered trajectories represented in Fig.5 (b) and (c).

1.3. Topological insulators

Topological systems such as Tls* 13, topological superconductors® * and Weyl semimetals'®% are
known as new classifications of quantum materials. Due to the potential application of these

materials in variety of fields including spintronic?, thermoelectric (TE)?, dissipationless electronics®®,
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quantum computing?!, etc. they grabbed considerable attention in the last decade. As one of the
main focuses of this work was invested on characterization of topologically-protected carriers of Tls,
hence, more details of structural properties, material classification, outstanding features and
characterization techniques of this novel category of quantum materials are provided and discussed

in the following.

3D Tis feature a bulk band gap of a conventional semiconductor and metallic topological surface
states on all crystal facets®. Electrons on these metallic surface states are robust with respect to
localization?®. Even with strong disorder on atomic scale, these electrons do not backscatter between
states of opposite momentum and opposite spin®*. This confers the high u of the electrons occupying
these surface states. Such electrons also penetrate energetic barriers caused by materials
imperfections and atomic steps at the surfaces?. In contrast, magnetic impurities deteriorate TRS,
leading to opening up a band gap in so-called gapless protected carriers?>%, These unique electronic
properties propel visions of potential applications in quantum computing and spintronics®> 22,

Compared to semiconducting materials where valence band (VB) and conduction band (CB) are
separated with an energy gap of up to ~ 3 eV%, Tls offer a non-trivial electronic structure where VB
is connected into the CB through linearly-dispersive topological carriers® 3. Band structure of a Tlis
schematically represented in Fig.6 where the insulating band gap is traversed by linearly-dispersive
states whose spin directions are oriented perpendicularly relative to the momentum. These linear
branches intersect each other at a so-called Dirac point (DP) forming a massless Dirac fermion®.
Topologically-protected states residing in the bulk band gap of Tls contain counter-propagating
electrons of spin-up and down directions which are protected by TRS. Bulk surface of 3D Tls is
supposed to be wrapped after encountering a non-magnetic defect resulted from back-scattered
electronic suppression. Such electronic suppression is mathematically formulated in eq.2, where 0 is

a time reversal operator®,

O|Lk>= |l —k> (2)

Based on the equation, spin-up electrons propagating with momentum of k are not back-scattered
into another direction (—k), i.e. the only way of back scattering is accompanied with changing spin
direction. This dependency of momentum on spin orientation or vice versa is known as spin-

momentum locking of Tls prohibiting backscattered electronic motions®.
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Tls can be found in two-dimensional or three-dimensional configurations; as demonstrated in Fig.7
(a), a 2D Tl is surrounded by metallic edges of counter propagating electrons; however, 2D metallic

surfaces are wrapped around a 3D Tl (Fig.7 (b))*.

Moreover, 3D Tls are divided into weak and strong categories?’; therewith, every single surface of all
facet directions in strong 3D Tls represents spin-polarized robust nature; in contrast, this feature is

only limited to certain or high symmetry directions of weak 3D Tls.

CB

VB

Fig.6: Schematic representation of a 3D TI; Linearly-dispersive branches connecting maximum of the VB to the minimum of

the CB specifying two-dimensional illustration of topologically-protected surface states of counter propagating electrons.

Presence of topologically-protected edge/surface transport channels of 2D/3D TIs, respectively, is
guaranteed via bulk-boundary correspondence. As mentioned before, as long as TKNN invariant is
preserved, topological carriers are robust with respect to the deformations. However, TKNN invariant
of a topological insulating system varies at the interface where non-trivial topology meets a trivial
insulator for instance, vacuum. Subsequently, the energy gap of topological insulating material is

closed followed by evolution of linearly-dispersive protected channels.

Fig.7: Schematic representation of (a) 2D and (b) 3D TI.
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1.3.1. Experimental techniques

Experimental observation of topologically-protected carriers is triggered by two experimental
measurement techniques of spectroscopy and transport characterization?. Spectroscopic

3132 and scanning

measurements such as angle resolved photoemission spectroscopy (ARPES
tunneling microscopy (STM)® are of potential interests for visualization of linearly-dispersive
protected carriers and are considered as an effective tool of probing outstanding electronic features.
Taking advantage of ARPES visualization technique, Bi1xSbx compound was introduced as the first
candidate of 3D TIs®. However, complicated surface states of Bi1,Sbx prohibited further experimental
investigation. Later, theoretical prediction® and experimental confirmation® of 3D Tls proceeded by
simple topologically-protected surface states of Bi-based binary chalcogenides of Bi,Tes, Bi,Se; and
Sb,Tes where existence of a single DP was confirmed using ARPES technique.

Besides spectroscopic measurements, governed transport mechanism of Tls is prone to be elucidated
using electrical transport characterization. Therewith, indications of topologically-protected surface
states of Tls are clarified by manifestation of Schubnikov-de Haas (SDH)3**% and Aharonov-Bohm

3637 35 well as weak anti-localization (WAL) effect®®3°, Quantum phenomenon of AB

(AB) oscillations
effect can be realized by interference experiments where an electrical charge is affected by an
electromagnetic potential?’. In contrast, conductivity oscillation of material at low temperatures and
strong magnetic fields reflects SDH oscillation manifesting governed quantum mechanical transport
properties within the material*’. Finally, WAL effect as one of the main focus of this work will be
discussed in more details in the next section.

However, major challenge of bulk carrier dominance hinders comprehensive and clear understanding
of non-trivial surface transport characterization®. This issue mostly results from intrinsic defects of
vacancies and anti-site defects known as crystal imperfections*?. Moreover, as in bulk crystals, the
surface-to-volume ratio is typically small; electrons that contribute to the bulk band transport usually
dominate over surface electrons in their quantity by orders of magnitude®*. More importantly,
position of the DP can considerably affect transport signal; as was demonstrated for Bi;Tes, the DP is
buried beneath the VB deteriorating surface transport realization dramatically®. In addition, it was
already proven that material exposure of O, and H,0 is accompanied with surface degradation along
with additional bulk carrier generation®*°,

Based on the mentioned deteriorating factors, considerable numbers of bulk carriers contributing
into the whole transport signal oppose an insulating bulk channel within the material leading to

28, 46-48

lower bulk p. In the last few years various techniques such as compensational doping and

49-51

electrical gating were effectively implemented for bulk carrier suppression; so that, surface

19



carrier p of ~5800cm?V~1s71

was measured for Bi,Tes nanoribbon using gate voltage
mechanism®.

The reported surface contribution values into the total conductivity (o) are still not considerable; in a
100 um-thick Bi;Tes single crystal with a maximum p of ~ 12 mf2cm, only 0.3% contribution of
surface carriers at 0.3 K was observed®; Zhi Ren et. al reported only 6% surface states contribution
to the total o at 1.6 K in a Bi,Te,Se material with sufficiently decreased bulk carrier density resulting
from compensational doping with exceeding p value of 1 2cm>*.

Due to the fact that main focus of this work is concentrated on transport characterization technique,
introducing some fundamental concepts of that field will improve desirable perception and facilitate
in-depth data interpretation. For that reason, concept of characteristic length is explained and based
on that, relevant electronic transport regimes are introduced. In the following, details of WAL effect
as an indication of topological surface transport realization is provided and mathematically

discussed.

1.3.1.1. Transport regimes

To elucidate the governed electronic transport regime of the system under investigation, scaling
factor of characteristic length is considered as a determinative criterion. Simply speaking, transport
mechanism of a defined electronic system can be determined by comparing system dimension (L)

with respect to the relevant characteristic lengths®.

Distance of two successive collisions travelled by a charge carrier defines characteristic length of
electron mean free path (I). Depending on scattering mechanism, two subgroups of elastic mean free
path (l.) and inelastic mean free path (l;;,) are specified. In contrast, characteristic length of phase
coherence length (lq,) defines a distance over which the phase information of electronic wave

function is preserved; in another word, electrons propagate phase coherently over distance of lq,.

Based on characteristic lengths of [ and lq), two transport regimes of ballistic and diffusive are
represented in Fig.8. In a ballistic transport regime with precondition of [, > L, electrons tunnel
through the system without being scattered (Fig.8 (a)); however, for a diffusive regime (I, < L),
elastic scatterings are followed with random electronic diffusion (Fig.8 (b)). Depending on whether [,
is smaller or bigger than l,, classical and quantum transport regimes are defined for diffusive and

ballistic transport respectively.
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Fig.8: Schematic of (a) Ballistic, (b), Diffusive and (c) Quantum diffusive electronic transport regime in a solid (yellow circles

are representative of solid impurities and blue arrows specify electron propagation trajectories®>.

1.3.1.2. Weak anti localization effect

WAL effect is an indication of quantum interference in a disordered electronic system where material
p suddenly drops at low temperatures and small B representing a dip-like configuration (Fig.9)**.
Presence of p dip in electrical transport characterization specifies evidence of strong spin orbit
coupled transport within the material. According to Hikami-Larkin-Nagaoka (HLN) interference
model®®, p dip can be interpreted as a 2D quantum interference correction known as WAL effect.

More details of this model together with mathematical calculation of l4 is provided in chapter.4.

Ny~

WAL

» B

Fig.9: Schematic representation of WAL and WL effect at low temperatures.

Quantum interference of WAL effect arises from the precondition of I3 > [ specifying quantum
diffusive transport regime (Fig.8 (c))*. As illustrated in Fig.9, by applying magnetic field of B, the p
dip is disappeared resulting from vanishing quantum interference effect followed by TRS breakage.
Basically, WAL effect is a generalization of weak localization (WL) interference phenomenon where

electrons spins are neglected.
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While WAL phenomenon enhances ¢ at low temperature regime, WL effect suppresses ¢ originating
from electron localization of enhanced back-scattered probability of electronic wave functions; this

feature represents a cusp-like configuration at small B (Fig.9).

Compared to WL effect where spin orientation is preserved, electrons spin direction of WAL effect is
varied during electronic propagation through a closed loop. Electronic wave propagation in two
opposite directions of a specified time-reversed loop is depicted in Fig.10. Considering closed loops
of distinct geometries, spin rotation of every closed loop is exclusive. In the following interference
amplitude of propagating electronic wave functions of two opposite directions in an arbitrary closed

loop is calculated.

G G
(> g TIRS 'S,
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Fig.10: Schematic illustration of electron wave function interference in a closed loop resulting in (a) WL and (b)

WAL effect (yellow circles represent scattering centers)>”’.

According to eq.3, initial spin state of |S1 > = (a, b) representing spin rotation of% is evolved into

the final spin state of |S2 > where U defines a rotational matrix. The evolution of |S1 > for the

opposite direction is given in eq.4 where |S3 > represents the final state,

IS2>=1U|S1> (3)

IS3>=U"1|S1> (4)

Rotational matrix of U consists of three rotational mechanisms of R, (a), R, (8) and R,(f8) which are

presented in eq.5; first, |[S1 > is rotated with Euler rotational angle of 8 around z-axis (R,(f)), then
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rotational process is followed by rotation of 6 along y-axis (R, (6)). Finally, spin rotation is

accomplished with rotation of @ around z-axis. The resulting rotational matrix of U is given in eq.6,

_ _ (ela/2 0 cosf/2 sinf/2 iB/2 0
U= Rz(“)Ry(g)Rz(ﬁ) - (e 0 e—ia/Z) (—sin 9/2 Ccos 9/2) (e 0 e_iﬁ/z) (5)

(6)

el@*th)/2cosg/2 i@ F)/2sing /2
- \—ei@P/2ging/2 e i@+h)/2cos6/2

The interference amplitude of [S2 > and |S3 > is calculated by defining expectation value of <

S§2|53 > represented in eq.7,
< 82|83 > =< (UISD|(US1) >=< S1|(UH)*U|S1 > (7)

Based on unitary transformation of U=1 = U™, the resulting U?matrix is calculated (eq.8),

pi(@+p)/2 0529 _ g2l 1 (el + e~F)sing
U2 = 2 2 2 (8)
- % (e™® + ef)sing  el@+h)/2 cos? g — sin? g

Using eq.7 and 8, the final expectation value is provided in eq.9,
el@+B)/2 0522 _in22 4 Ling [a*b(e™* + e7%#) +c.c] (9)
2 2 2

According to eq.9, WL and WAL specify constructive and destructive interference effects respectively.
Due to the fact that no spin rotation was involved in the WL effect, «, § and 6 are equal to zero,

subsequently, the result of eq.9 would be equal to one indicating constructive electronic

interference.
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Given the fact that spin orientation of the final state is randomly distributed, only the sin? 5 term of

eq.9 will survive after averaging over all possible angles which introduces the factor of —1/2.
Therefore, destructive interference will be the dominated interference effect of strong spin orbit

coupled transport cases.

1.3.2. Nanostructured topological insulators

Nanostructured materials exhibit exclusive properties compared to the bulk counterpart originating
from quantum confinement effect>®. By reducing material dimension down to nanometer scale which
is comparable to the relevant characteristic lengths, remarkable physical properties appear. Tls as a
novel category of quantum materials possessing robust surface carriers are well-implemented into
the concept of nanostructured material. This strategy is considered as an effective approach for

topological surface carrier realization and of potential interest for electronic device application.

High surface to volume ratio of nanostructured materials promote topologically-protected carriers
contribution into the whole transport signal®” >%; therewith, nanostructured Tls have been specified
as an excellent candidate of non-trivial topology investigation. Nanowires®® and thin films®! revealed
evidence of surface transport contribution with high reported charge carrier u.

Physical interference effects of AB and SDH oscillations as well as WAL effect specifying evidence of
surface transport contribution were already observed in various nanostructured topological
insulating materials®” 52°% 82 To eliminate residual bulk carriers, Er of nanostructured Tls was
electrically-tuned and constrained to the material bulk band gap using gate-voltage effect®.
Moreover, specific transport properties of topological superconductors where nanostructured Tls are
sandwiched between two superconducting materials prove versatile material application® .

More importantly, well-defined and adjustable nanoscale morphology configuration of
nanostructured Tls provide well-oriented electrical trajectories which are desirable for interference-

based measurement techniques®**’.
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Chapter.2

Fundamentals of thermoelectric materials

Introduction

Thermal energy dissipation is of great issue nowadays. Transformation of wasted heat into useful
forms of energy could considerably reduce hazardous consequences and provide a replacement
platform of current fossil fuel utilization. TE materials with capability of converting waste heat
produced in vehicle exhaust or cooling systems into electricity and vice versa yet consist of any
moving parts or environmentally-harmful fluid offer promising and reliable technology®®. Potential
application of TE materials in automotive®, refrigeration® and aerospace industries® defines well-
distinguished and worldwide platform which grabbed considerable attention recently.

Bi,Tes-based alloys®” with ZT of around one at room temperature are considered as one of the
promising TE categories. However, for industrial application, TE materials with ZT value of higher
than one are desirable®®. Therefore, low efficiency and engineering challenges of these
environmentally-friendly materials hinder large potential application.

In the last two decades, different techniques of electrical and thermal transport optimization were
effectively applied to resolve efficiency obstacle®®72, Innovative strategies of tailoring material
structure with capability of ZT engineering higher than one, propelled vision of large-scale
application.

The organization of this chapter is as follows. First, a brief summary of thermoelectricity and the
governed working principles are provided. In the next step, different techniques of improving TE
efficiency including nanostructured-based TE materials and TE nanograined bulk approach are
explained and discussed in more details. Then, topologically-protected boundaries of Tls are
addressed as one of the most recent techniques of TE efficiency improvement. Finally, crystalline
structure of BixTes binary chalcogenide as key concentration of this work is provided and
schematically discussed along with the most prominent material characteristics defining Bi.Tes as an

intriguing example of Tls and TE materials.

2.1. Thermoelectricity principles
The principles of thermoelectricity originate from Seebeck and Peltier effects discovered by Thomas
Johann Seebeck and Jean-Charles Peltier, where TE materials are supposed to produce power (TE

generators) or refrigerate (TE refrigerators) correspondingly®3.
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Seebeck coefficient (S) specifies the amount of voltage generated per temperature gradient; in
contrast, Peltier effect defines the amount of heat that can be absorbed or rejected at the interface
of two dissimilar materials by driving a current in the circuit.

The efficiency of TE material is expressed in terms of dimensionless figure of merit (ZT) which is

directly proportional to S and o while, is inversely related to k (eq.10)%,

ZT = =T (10)

Obviously, an efficient TE material is expected to have high S and o as well as low k; however, finding
such material is of a great challenge. Basically, TE parameters of represented in eq.10 are
interrelated and cannot be easily optimized independently’®; for instance, despite the high o of
metals, these materials are not an appropriate candidate for thermoelectricity due to their high k as
well. In contrast, insulators represent low values of k and o.

Engineering of carrier concentration (n) plays a crucial role at electrical transport optimization of TE
materials. Based on eq.11 for a degenerate semiconductor, S is inversely related to n where kg, h, e
and m* represent Boltzmann constant, Planck’s constant, charge carrier and carrier effective mass

respectively’. In contrast, o is directly related to n (eq.12),

8m2kp? % T2
=TT )
0 = nep (12)

10" 10” 10"
Doping concentration (cm's)

Fig.11: Schematic illustration of S, g, k and ZT of a bulk material versus n’>.
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In Fig.11, dependency of TE parameters on doping concentration is represented’ 78, It can be clearly
seen, while low amount of doping concentration serves high S, high doping level favors high o.
Hence, desirable variation of one TE parameter is accompanied with unfavorable variation of the
other factor. According to the Fig.11, highly-doped semiconducting materials with n of 101 — 1021
cm™3 are promising candidates of efficient TE materials’*.

Heat transportation within a TE material is conducted by heat-carrying charge carriers as well as
lattice vibrating phonons (eq.13); while the latter is specified as lattice thermal conductivity (k;), the
former originates from thermal contribution of electrical conductivity (k,).

Using Wiedmann-Franz Law’® given in eq.14, one can calculate k, contribution where [, defines the

Lorenz number,

k=k,+ k (13)
ke = loO-T (14)
ki =3 (Covsdpn) (15)

In contrast, k; is defined using eq.15 where C,, vg and A, are heat capacity, sound velocity and

phonon mean free path respectively.

2.2. Different approaches

2.2.1. Nanostructured thermoelectric materials

Based on considerable improvement of electrical, thermal and mechanical stability of
nanostructured-based materials compared to the corresponding bulk counterparts’, these materials

7580 3nd other fields of applications®:-82,

are of potential candidates for TE generators’”’%, TE coolers
Historically, first generation of TE bulk materials including Bi,Tes, PbTe and SiGe for room
temperature, intermediate temperature and high temperature applications, respectively, introduced
for the first time in 1950s’*. In the mid of 1990s, two outstanding approaches revolutionized TE

83-84 where voids

society; first approach was concerned with creating complex crystalline structures
(vacancies) and rattlers (heavy atoms located in the voids) of skutterudites and clathrates remarkably
enhanced phonon scattering centers within the material resulting in significant k; reduction. The
other approach which is the main focus of this work was to create nanostructured TE materials’*74 8>
86.

Discovery of nanostructured TE materials proposed for the first time by Dresselhaus and Hicks in

1993%. They theoretically confirmed that electronic wave function confinement in one and two

dimensions was accompanied with ZT enhancement of one dimensional (1D) quantum wire and 2D
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quantum well respectively. Later, theoretical and experimental proof of significant k; reduction
followed by nanostructured-based material design strategy was reported by other groups®;
therewith, k value of ~ 0.3 — 0.4 Wm~1K~1 was measured for Bi,Tes thin films prepared by pulsed
laser deposition technique which is 25% lower than in the bulk®.

Compared to a bulk counterpart, nanostructured material exhibits completely exclusive behavior
resulted from quantum confinement effect®. According to Mahan-Sofo theory®®, material size
reduction down to nanometer scale is accompanied with local density of states (DOS) enhancement
over a narrow energy range near E which is followed by S enhancement®. Based on Mott formula®
given in eq.16, S associates with energy derivative of energy-dependent o at Er which is only valid

for metals and highly degenerate semiconductors,

_ 72, 2T (d(no(E))
S= 3 kB e ( dE )E =Ep (16)
n(E) = g(E)f(E) (17)
_ 2T (1dn(E) | 1duE)
S=7ks" (n a T u dE )E=EF (18)

Using eq.12, 16 and 17, one can extract eq.18 where, f(E) and g(E) represent Fermi-Dirac function
and DOS respectively. Based on eq.18, two energy-dependent mechanisms of n(E) and u(E) define
S value. Considering u(E) = u, S value can be improved by local enhancement of g(E). Such S
enhancement was experimentally observed for zero dimensional (OD) quantum dots, 1D quantum
wire and 2D quantum wells1%2,

In addition, nanostructured TE materials benefit from considerable reduction of k; resulting from the
enhanced phonon scattering mechanism’; therewith, low k; value of 0.22 Wm™1K~! was reported
for p-type Bi,Tes/Sbh,Tes superlattice®®. Another example stands for PbTe/PbTeg5Seo.25 superlattice
with k; value of 0.5 Wm™1K ™! Ref[94].

More importantly, interconnected TE parameters can be decoupled using nanostructured-based
material design strategy; in such materials the optimized dimension is supposed to be larger than
electron mean free path preserving electrical transport contribution yet, smaller than phonon mean
free path suppressing heat-carrying phonon transportation®®. For that reason, TE properties of
nanostructured materials are widely improved compared to the bulk counterparts;
Venkatasubramanian et al. reported high ZT value of 2.4 for Bi,Tes/Sb,Tes superlattices®®, Harman et

al. calculated ZT value of 3 for PbTe/PbTeSe quantum dot superlattices at 600 K.
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However, time-consuming and expensive nano-fabrication techniques limit large-scale potential
applications of nanostructured TE materials. In addition, reproduction of Bi,Tes/Sb,Tes superlattice

satisfying high ZT value of 2.4 conducted by other research groups, still remains challenging®®.

2.2.2. Nanograined bulk thermoelectric materials

Recently, persistent efforts were made to incorporate bulk fabrication techniques into
nanostructured materials namely, nanograined bulk materials. Basically, the possibility of material
fabrication in large quantity together with having more design flexibility favor economical and
engineering considerations; therewith, low-cost material production in large quantity (kg-scale) as
well as high TE performance of nanograined bulk materials grabbed considerable attention of TE
society®® 7697,

Nanograined bulk materials consist of isolated nano-sized grains which are separated by well-defined
interfaces called grain boundaries. Surrounding grain boundaries of small dimension introduce
effective phonon-scattering centers within the material resulting in dramatic k; reduction yet,
preserve electrical transport contribution®.

The fabrication condition must trigger mechanically stable and highly efficient nanograined TE
materials yet retain nanostructural configuration. However, grain boundary arrangement fulfilling all
the required conditions is not that straightforward. Moreover, creating thermodynamically-stable
nanograined bulk material is of a great challenge.

Nanograined bulk materials are fabricated using different bulk processing techniques such as hot
pressing® % and spark plasma sintering® 1%, Compared to the traditional methods of sample
preparation with maximum ZT value of ~0.8 — 10319 these techniques offer easier fabrication
method along with mechanically more stable samples. However, transition of nanograins into micro
or even larger grains during sintering procedure resulting from high temperature and long

%, 104 can be regarded as a major drawback which could affect k; destructively.

compaction time
Based on the previous reports, the resulted grain size distribution varies in the range of ~10 —
1000 nm’e.

Despite of grain growth and recrystallization effect during sintering procedure of nanograined bulk
materials, TE efficiency increase of ~ 40% — 75% was observed’?.

Therewith, ZT of p-type Bi»«SbhxTes nanograined alloy was improved using hot pressing and ball
milling techniques where maximum ZT of 1.4 was measured at 100 °C which was exclusively
attributed to the unique microstructural configuration offered by nanograined bulk material design

strategy®® 1%, Later, nanostructured p-type Bi,Tes/Sb,Tes revealed ZT value of 1.56 using rapid

solidification technique where k reduction of ~30% was observed?°,
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Micro and nano-sized grain accumulation of different volume percentages within a nanograined bulk

material can also be addressed as an effective design strategy of improving material TE efficiency.

Electrically- and thermally-propagating carriers are supposed to be decoupled to some extent in
nano-micro-structured composite materials. While, heat-carrying phonons are most likely prone to
be scattered at the interfaces of fine grains, interconnected coarse grains could provide electrically-
connected trajectories which are favorable for surface transport carriers. Electrical and thermal
disentanglement was experimentally observed by introducing nano-micro-structured Bi;Te;
composite where coarse (~ 1 um) and fine (~ 100 nm) Bi;Tes; nanoparticles were combined by
mechanical alloying and compacted using spark plasma sintering'®’; therewith, maximum ZT value of
0.66 at 323 K for 60% distributed fine grains was reported. More importantly, this experiment
made a strong emphasis on determinative influence of grain boundary distribution on material TE

properties.

Boundary engineering is regarded as one of the effective approaches of improving material TE
efficiency where thermal and electrical properties are prone to be manipulated separately’®. To
achieve low amount of k, phonons of different wavelengths must be strongly scattered; for that
reason, specified characteristic lengths of defined dimension for scattering of not only short
wavelength phonons but also mid- to long-wavelength heat carrying phonons are required. While
short-wavelengths phonons are being scattered by incorporation of point defects within the
material, mid- and long-wavelengths phonons will be scattered intensively through highly-dense
interfaces of nanograined bulk material. Therefore, boundary engineering of TE materials is
considered as a powerful tool of material optimization. Moreover, formation of defects, strains,
pores and dislocations are potential interests of further grain boundary modification; for instance,
ZT value of 1.86 at 320 K was reported for BiosSbisTes bulk alloy where highly dense defects and
dislocation arrays were successfully incorporated into material grain boundaries'®.

Randomly oriented grain boundaries sophisticate phonon transport interpretation in a nanograined
bulk material. As mentioned before, the grains of nano-sized dimension create effective centers of
phonon scattering which can reduce k; remarkably; however, phonon transport mechanism where
interfaces specify the value of k is still not clear. One reason can be attributed to thermal boundary
resistance of adjacent grain boundaries'®.

In spite of qualitative understanding of phonon transport mechanism in nanograined bulk materials,
details of electronic transport are poorly understood which is considered as a great hindrance of

improving TE efficiency.
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2.2.3. Topological insulators and thermoelectric materials

Linearly-dispersive topological states of Tls consisting of electrons of high u are promising candidates
of improving TE performance. Recently, considerable numbers of theoretical and experimental
studies were conducted to improve efficiency of TE materials taking advantage of topologically-
protected boundary states? 110-114,

In the last few years, evidence of non-trivial topology was found in the well-known TE materials such
as Bi,Tes, BixSes and Sb,Tes™ © representing a single topologically-protected Dirac cone near I point of
the surface BZ. Moreover, robustness of topological carriers against non-magnetic impurities and
dislocations paves the way of introducing non-magnetic defects into the material leading to
significant k; reduction.

Physical properties including small band gap and heavy elements are triggered by both categories of
thermoelectricity and topological insulating materials®®; however, fulfilling common features is not
adequate for defining a relation between these two categories. Heavy elements favor low k as well
as strong spin-orbit interaction, which are required preconditions of having high-efficient TE material

and topologically-protected states respectively!®

. In contrast, efficiency of TE materials can be
improved significantly by doping mechanism; however, lightly-doped crystal structures using
compensational doping are considered as great candidates of topological insulating investigation.

Recently, influence of topologically-protected boundary states on material TE properties attracted
tremendous theoretical and experimental investigations; Sun et. al. obtained ZT of 0.63 for
nanograined Bi,Se; at 570 K using hot pressing approach. They showed grain size reduction of down
to 80nm was accompanied with electrical p improvement of ~12cm?V=1s™1 up to
~600 cm?V s~ which was not compatible with previous reports where u decreased as a result of
carrier scattering enhancement. The accompanying S reduction, in a similar fashion as in nanowires
or thin films, further indicates the surface transport contribution in those bulk samples?. Ryuji et. al.
theoretically investigated the influence of topologically-protected edge channel of QSH system on TE
properties where ZT enhancement of low temperature regime was directly attributed to edge-

dominated TE trasport!1.

Moreover, contribution of boundary states on material TE performance was studied in
nanostructured TIs using multiple-channel model consisting of bulk and surface transport
channels!!; Hinsche et. al. studied separate influence of bulk and surface transport channels of

Sh,Tes film on TE properties using ab-initio calculation method®.
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However, lots of efforts should be invested on full characterization and effective utilization of those
topologically-protected boundary states. To efficiently incorporate high u surface carriers of Tls into
thermoelectricity yet retain low k; values, it is desirable to develop new strategies of further
material-dimension reduction as well as innovating qualified engineering of further disorders and

defects incorporation within the material'!*,

2.3. BixTes

After first discovery of Bi,Tes in 1950'%, the material itself and its alloys have been widely
investigated and utilized for different TE applications'’'%, Recently, based on theoretical and
experimental investigations, binary chalcogenide of Bi,Tes grabbed considerable attention as an

intriguing example of 3D TI>®.

Bi,Tes compound with narrow-band-gap of ~ 0.13 eV*'® represents rhombohedral crystal structure
with the space group of D3;(R3m)'2*%!, Crystal structure of Bi,Tes represented in Fig.12, is made up
of repeating building blocks of quintuple layers (QLs) consisting of two non-equivalent Te atoms
namely Te® and Te!? and Bi atoms (brown cage). Hence, each QL is made up of five monoatomic
layers which are located along z-direction with sequence of Te!¥ — Bi — Tel® — Bi — Te/¥ where every
Te® atom is surrounded by six Bi atoms, however, every Te!Y atom is connected into three Bi atoms

from one side and three Te!" atoms on the other side.

Te;| QL layer

Fig.12: Bi;Te; crystal structure; The building block of Bi;Tes is demonstrated with a brown cage.
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While QLs of Bi,Tes compound are connected by weak Van der Waals forces, Bi and Te atoms of each
layer are connected through covalent bonding. Due to weak Van der Waals interaction of Te") — Te®™
atoms, the distance between Te™ atoms is larger (3.66 °A) than Bi — Te!Y and Bi — Tel? atoms with
atomic distance of 3.07 °A and 3.25 °A respectively. As a result of crystalline structure, one can

expect preferential cleavage plane between adjacent Te! layers'?..

More importantly, the crystalline structure of Bi,Tes induces anisotropic electrical and thermal
properties of different crystallographic orientations® 12212, Therewith, k of Bi,Tes bulk single
crystalline along Van der Waals bonding direction revealed low value of 0.6 Wm ™K ! compared to
the corresponding value of ~1.5 — 2 Wm™'K ™! along the cleavage plane'*. Basically, anisotropy
ratios of ~4 —7 and ~ 2 along the cleavage plane compared to those along z-direction were
measured for electrical and thermal conductivities, respectively?*; therefore, the resulted ZT of two

crystallographic directions would be different by a factor of ~ 2.

Bi,Tes is known as a reliable TE material with ZT of ~1 near room temperature®” which is widely

117-118

utilized for TE device applications , integrated circuits and heat pumps!?. Recently, to improve

efficiency of Bi,Tes-based TE materials, different approaches were effectively employed including

93, 126-127 68, 97,

nanostructured-based material design stratrgy as well as bulk nanostructured materials

105, 123,128

Among those techniques, nanostructured bulk material has been recently believed as an effective
approach of material TE optimization. For the first time, Tang et. al. reported ZT value of 1.35 at
300 K for Bi;Tes multi-layered nanostructure material fabricated by melt-spinning and spark plasma
sintering'®. In that work, layered-nanostructure morphological configuration of Bi,Tes was realized as
an effective factor of defining thermal and electrical transport properties. Taking advantage of
defects, vacancies and grain boundaries, k; of Bi,Te; was dramatically decreased resulting from the
enhanced phonon scattering mechanism?% 68 103,106,129-130 Eqr instance, k; reduction of > 60% and >
70% for 5% and 4% vacancy of Bi and Te atoms, respectively, have been reported®. Lan et. al.
reported k reduction of ~30% at 100 °C which was quite stable up to 250 °C, for Bi,xShyTes
nanograined bulk material resulting from the enhanced phonon scattering mechanism at material

grain boundaries!?,

TE properties of Bi;Tes nano-micro composite was dramatically affected by grain boundary
distribution!®” where maximum ZT value of 0.66 at 323 K was reported for 60% distributed nano-
sized grains. Grain boundary engineering could also affect material p; for Bi,Te; sample prepared by
microwave assisted solvothermal method, grain size reduction of 97 nm down to 51 nm was

followed with p enhancement!®,
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Based on the conducted literature review, high-quality Bi,Tes nanophases of well-controlled sizes and
shapes resulted in further k; reduction specifying the key importance of synthesis-based bulk
nanostructured material design strategy’® 76 %7122 131-134, therewith low k; of 0.3 Wm ™K~ has been
reported for n-type Bi,Tes nanoplate pellets®”. Taking advantage of bottom-up synthesis approach,
p-type Bi;Tes bulk material with ZT of ~1.3 — 1.5 has been produced®®. Cao et. al. reported ZT value
of ~1.47 for Bi,Tes/Sb,Tes bulk nanocomposite using hydrothermal synthesis together with hot
pressing approach!®. However, the reported ZT values of bottom-up synthesis approach are
commonly less than 0.6 resulting from the bonded residual surfactant into nanoparticle surfaces

followed by decreased value of carrier p’* 12131134,

Moreover, Bi;Tes is an outstanding candidate of elucidating non-trivial topology with a detected
single Dirac cone of locating at I' point of the surface BZ>. However, material narrow-band-gap as
well as buried DP in the VB, hinder well realization of topologically-protected carriers associating
with outnumber of bulk carrier transport. Recently, different tailoring approaches were effectively
implemented for further surface transport realization?® 46 4849 52, therewith, crystal structure of
BixTes single crystal was successfully manipulated by compensational doping of (Bi1xSny).Tes where
Er tuned to intersect only the surface carriers®®. Taskin et. al. reported 70% surface transport

contribution into the whole transport signal for Bi1.sSbosTe175e13 compound?.

Moreover, Xiu et. al. reported surface carrier u of ~ 5800 cm?V ~1s™1 for Bi,Tes nanoribbon using
gate voltage mechanism®2. In 40 nm-thick Na-doped Bi,Tes nanoplate, surface u and mean free path
of ~3400cm?V~1s™1 and ~ 119 nm were specified, respectively, using tunable gate voltage
mechanism®. Kong et. al. reported reduced bulk carrier density of over two orders of magnitudes for

(BixSb1.x)2Tes compound yet preserving topologically-protected features using gate voltage effect®,

In contrast to conceptually simple topological surface states of Bi,Tes, chemistry of this material is
always complicated. Basically, complicated defect chemistry of Bi.Tes; originates from anti-site
defects where excess Te (Bi) elements occupy Bi (Te) lattice sites resulting in n-type and p-type
dopant system correspondingly*?. Incorporated anti-site defects are followed by having heavy

effective mass which can dramatically affect material TE properties!?

. Satterthwaite et al.,
Brebrick'*> and more recently Cho et al.**® proposed that Bire and Teg; anti-site defects behave as
acceptor- and donor-like atoms respectively. Hashibon et al. showed'® Ey of Bi;Tes compound can
be tuned using anti-site defect approach where E is shifted toward VB and CB by excess amount of

Bi and Te, respectively, resulting in an enhanced DOS near EF.
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In addition, n of Bi,Tes alloys can be affected by defect chemistry; therewith, Kim et. al. reported an
increase of n by decreasing grain surface area resulting from acceptor-like behavior of grain
boundaries in B,Tes bulk material®®’. Similar behavior was found in nanostructured Bi,Tes bulk
material where n decreased by average grain size reduction which was attributed to Bire anti-site
defects®. Optimized n of V,VI; materials is supposed to be in order of 101° cm™3 Ref[42], while
intrinsic point defects alone are supposed to contribute in order of 1018 — 10%2° cm™3 which can well

interpret dominance of bulk carriers over surface transport of Bi;Tes-based materials.

35



Chapter.3

Methods

Introduction

In this chapter, experimental approaches of Bi,Tes nanoparticle synthesis as well as compacted bulk
pellet fabrication are introduced and explained in more details. Moreover, methodology principles of
topologically-protected surface transport realization, TE characterization and THz time-domain

spectroscopy measurement of Bi,Tes compacted nanoparticles are represented.

Organization of this chapter is as follows; first, a brief overview of the applied chemical synthesis
approaches of Bi,Te; nanoparticle fabrication is provided. In the following, experimental details of
Bi,Tes compacted nanoparticles fabrication, sample contacting along with working principles of
transport characterization setup are provided and discussed in more details. Besides that,
methodology principles of TE characterization including p, S and k measurements are introduced.

Finally, a brief overview of THz time-domain experimental setup is provided.

3.1. Synthesis of Bi;Tes nanoparticle

In the last few years, different approaches of solution-based3" 138139 gnd gas-phase-based processes
such as atomic layer deposition (ALD)*32133, metal organic chemical vapor deposition (MOCVD)3* 140
and physical vapor deposition (PVD)¥*1*2 were widely utilized for synthesis of highly stoichiometric
and phase-pure binary Bi,Tes, Bi>Ses, Sb,Tes and Sh,Ses; and ternary (Sb«Biix)2Tes compounds. A
particular drawback of solution-based synthesis of Bi,Tes and Bi,Ses which were studied over the past

decade!#*144

is the formation of Bi-rich phases due to the incorporation of additional bilayers into
tetradymite-type layered materials’. In this work chemist partners from University of Duisburg-
Essen developed a new synthesis strategy using well-defined Bi-containing ionic liquids (ILs). These
precursors are not only robust to withstand various temperature conditions but also highly reactive

in reaction with E(SiEts), (E = Se, Te) precursors’3,

Depending on presence or absence of capping agent of oleylamine (OA) during chemical synthesis

approach, Bi;Tes nanoparticles of completely distinct morphological configuration were fabricated.

Therewith, in the following two different categories of classical and developed approaches followed

by presence and absence of chemical compound of OA, respectively, are introduced.

36



3.1.1. Classical approach

3.4 g (3.9 mmol) of [C4C1lm];[Bisl1,] was dissolved in 10 mL of [Camim]l with 3 mL of oleylamine (OA)
in a centrifuge tube. The mixture was stirred for 1 h at 100°C. 1.24 g (3.47 mmol) (EtsSi);Te were
added dropwise and the resulting black suspension was stirred at 150°C for 12 h. The resulting
colloidal solutions were centrifuged (2500 rpm), washed with 6 * 15 mlL acetonitrile and 2 * 15 mL
chloroform, and dried at room temperature under vacuum. The whole synthesis procedure was
performed under an inert atmosphere condition. The corresponding chemical reaction is given in

eq.19,

150°C, 12h

[Cymim]; [Bi3112] + (Et;3Si),Te m

Bi,Tes (19)

3.1.2. Developed approach

3.5 g (1.4 mmol) [C4Cilm]3[Bisl12] were dissolved in 10 mL of [C4Cilm]l under inert conditions. The
ionic liquid mixture was stirred at 100°C for 1 h and was then cooled to room temperature. 1.9 g
(5.6 mol) [C4C1Pyr][TeSiEts] were added to the resulting red solution, yielding a black suspension
which was further stirred at 150 °C for 1 h. A black precipitate was obtained, which was then isolated
by centrifugation and repeatedly washed with 20 mL of acetonitrile (6 *). The isolated solid was
dried in vacuum at ambient temperature. Yield: 1100 mg (73% of theoretical yield). The whole
synthesis procedure was performed under an inert atmosphere condition. The corresponding

chemical reaction is given in eq.20,

150°C, 4h

[C4mim]3[Bi3112] + [C4C1Pyr] [TeSlEtg] m

Bi,Te, (20)
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3.2. Sample preparation

Bi>Tes; bulk samples were fabricated using hot pressing approach. To fulfill all the required conditions
which are desirable for efficient TE characterization and better surface transport realization,

nanoparticle-based Bi;Tes sample processing plays a crucial role.

Aiming at Bi,Tes bulk sample fabrication, high-quality Bi,Tes; nanoparticles of two different chemical
approaches were compacted using table press produced by Specac design company (Fig.13 (a)).

To fabricate nanoparticle-based Bi;Tes sample, ~ 0.07 g Bi,Tes nanoparticles were compacted for 90
minutes at a specific temperature in the range of 170 — 300 °C using a 5 mm metal die (Fig.13 (b)-
(c)) under an inert atmosphere condition. Depending on the applied temperature during compaction
procedure, pellets of different thickness and degree of compaction were fabricated. It is worth to
mention that the whole hot-pressing setup was incorporated into a glove box system to avoid
surface oxidation.

To fabricate a mechanically-stable Bi,Tes; sample, yet preserve nanostructured morphology
configuration different sintering parameters including applied temperature, pressure and
compaction time were optimized. More importantly, to have stable Bi;Tes bulk pellets, the amount of
Bi,Tes nanoparticles (m) optimized so that Bi,Tes bulk pellets of lowest possible thickness were

produced. More details of optimized pressing parameters are provided in chapter 4.

Fig.13: (a) Hot pressing device. (b) Metal Die of covered with a heating jacket. (b) Accurate temperature measurement was

triggered by a thermocouple tool that was placed in the hole represented by a red circle.

Compaction parameters are determinative factors defining material properties where surface and
bulk transport channels are significantly affected by these parameters; if nanoparticles are
compacted at low temperatures, they are not in a good contact; hence, carrier propagation is

hindered. In contrast, if nanoparticles are sintered at too high temperatures, the crystallinity of the
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interfaces improves and therewith less interfaces as energy barriers are provided; subsequently, bulk
metallic transport is expected to dominate surface signal. Moreover, nanoparticle compaction at high
temperature for a long time leads to undesirable growth of grain boundaries resulting in reduced
amount of phonon scattering centers. However, a balance between temperature and compaction

time can significantly reduce undesirable grain growth procedure.

Fig.13 (b)-(c) specifies the 5 mm metal die where Bi,Te; nanoparticles were compacted. To avoid
sample contamination during compaction procedure, Bi;Tes; nanoparticles were covered with
tungsten foils from both sides. After 90 minutes of nanoparticle compaction followed by ~ 2 hours
of cooling procedure, the resulted Bi,Tes bulk pellet was removed from the metal die. The applied
temperature was provided by an external heating system. The measured temperature by the
external heater was different from the one measured at the compaction spot resulting from
unavoidable heat loss. Aiming at accurate temperature measurement, a hole was incorporated into a

metal die where Bi,Tes nanoparticles were compacted (red circle in Fig.13 (c)).

3.2.1. Density measurement
Based on eq.21, density of Bi,Tes compacted nanoparticles were defined followed by mass and
volume measurements. In this equation, m, d and t represent mass, diameter and thickness of the

Bi.Tes compacted pellet respectively,

(21)

Fig.14: thickness measurement of Bi,Tes compacted pellet.
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As shown in Fig.14, thickness measurement of Bi,Te; compacted pellet was conducted using a digital

micrometer with an additional ball equipment on the top.

3.3. Contacting

To have an accurate electrical transport measurement, sample contacting is of key importance. For
that reason, progress of contacting procedure is explained in the following. Sample contacting was
performed using two different approaches. First, lithography followed by soldering technique was
employed to establish promising electrical contacts. Later, Bi,Te; samples were directly contacted

using a metallic probe setup.

3.3.1. First approach

In the first approach, Bi;Tes compacted pellet was mounted on a silicon substrate using soldering
technique. In this section, first more details of substrate preparation is provided using lithography

approach followed by sample mounting onto the predefined substrate using soldering technique.

3.3.1.1. Substrate preparation

Photolithography or optical lithography is a famous microfabrication technique in which the desired
pattern is constructed on a substrate up to nanometer resolution accuracy'®. In this technique, a
predefined pattern is established on a light-sensitive polymer known as photoresist which is exposed
during lithography procedure. The schematic illustration of the whole process is represented in

Fig.15.
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Fig.15: Substrate fabrication, (a) Silicon substrate. (b) Spin-coated photoresist on silicon substrate. (c) UV exposure. (d)

Removing exposed area using developer. (e) Cr sputtering. (f) Gold sputtering. (g) Removing photoresist. (h) Final substrate.
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In the first step adhesion layer of TIPRIME was spin coated on a silicon substrate (Fig.15 (b));
subsequently, the coated substrate was heated on a hot plate with the applied temperature of
120°C for two minutes.

In the next step, photoresist of AZ5214E was coated on the substrate followed by heating procedure
of 90 °C for four minutes. Then, the predefined pattern represented in Fig.15 (h), was patterned on
the spin coated substrate using MLA 100. Depending on the coated photoresist, the exposed area of
the substrate is removed or remained after exposure for positive and negative photoresist
respectively'®. In this work positive photoresist was utilized; hence, as demonstrated in Fig.15 (d),
developer of AZ726 removed photoresist of the exposed regions in Fig.15 (c). To establish gold
conducting paths, first, 50 nm-thick adhesion layer of Cr was sputtered on the substrate (Fig.15 (e)),
followed by sputtering of 400 nm-thick gold layer (Fig.15 (f)). Finally, as shown in Fig.15 (g), by

immersing the substrate into the remover the desired pattern appeared.

3.3.1.2. Sample mounting

In this step, the compacted Bi,Te; sample was mounted onto the substrate using Indium-Tin (InSn)
soldering contact. As demonstrated in Fig.16 (a), small amount of InSn was mechanically soldered on
top of the gold square contacts. For that purpose first, silicon substrate was heated on a hot plate
with the applied temperature of 120 °C for 5 minutes; subsequently, InSn was delicately soldered on
the defined areas.

To avoid surface oxidation, sample was mounted on the substrate inside the glove box. Therewith,
the represented substrate in Fig.16 (a) was heated up to temperature of 120 °C on a hot plate for 5
minutes inside the glove box; subsequently, molten-InSn contacts paved the way of delicate sample

adjustment onto the substrate.
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Fig.16: (a) Top view and (b) Side view of soldered InSn on a silicon substrate.
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3.3.2. Second approach

Sample contacting using first approach is limited in some important aspects. First of all, the whole
procedure of substrate preparation, soldering and sample mounting take some time. More
importantly, the substrate with a mounted sample on top was bonded to a DynaCool puck using
Bonding machine which made the procedure longer and more complicated.

In addition, side-coverage of some of the compacted pellets with InSn during sample mounting was
inevitable.

To avoid such constrains, sample was directly contacted using a metallic probe setup. As
demonstrated in Fig.17, the setup consists of four Copper Beryllium probes whose adjustment is
feasible by an implemented screw on the top. To avoid sample breakage during screw adjustment,
each Copper Beryllium probe offers a spring-like flexibility so that the applied pressure can be
controlled significantly.

Compared to the first approach, this method facilitates and improves sample contacting
dramatically. The possibility of direct contacting of the fabricated samples to the Copper Beryllium
probe setup without utilizing any additional soldering substance offers more accurate and reliable

electrical transport measurement which can considerably save time as well.

Fig.17: metallic contact probe.

3.4. Electrical transport characterization

Electrical transport properties of the compacted Bi,Te; bulk pellets were characterized in a Physical
Property Measurement System (PPMS) of the DynaCool series from Quantum Design. Based on Van
der Pauw (VdP) configuration approach which was applied for transport characterization, physical

properties of Bi,Te; compacted nanoparticles were investigated.
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3.4.1. Van der Pauw configuration

VdP method is one of the famous characterization techniques which is widely used in semiconductor
industry. According to VdP calculation, specific resistivity and Hall voltage of an arbitrary shape
consisting of any isolated hole, homogeneous in thickness with sufficiently small contacts can be
identified!®. Samples of quite small 2 ratio are desirable for this method, where t and d specify
thickness and diameter of the sample under investigation respectively.

Given the fact that there was no other accessible method for the transport characterization of not

fully-dense Bi;Tes bulk samples, VdP configuration method was applied in this work.

I ) ) )
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Fig.18: Schematic representation of VdP configuration for measuring (a)-(b) longitudinal resistance and (c)-(d) Hall

resistance.

Fig.18 represents a schematic illustration of VdP configuration. According to the figure, four small
contacts are placed at four corners of the Bi;Tes compacted pellet. In VdP configuration voltage can
be measured by flowing current of I;; between every two contacts of i and j respectively. Depending
on measuring longitudinal resistance (R,y) or Hall resistance (Ry, ), current direction is different. To
measure Ry, current is flown through the square edges (Fig.18 (a)-(b)) while, for measuring R,
current flow is conducted through the square diameters (Fig.18 (c)-(d)).

Based on VdP formula given in eq.22, sheet resistance of R, was measured; two characteristic
resistance of R4 and Rgp represent the average resistance of two measurement directions (eq.23).

Sample p was calculated using eq.24 where t defines sample thickness,

43



(—nRA) (—nRB

e Rs "4+ R " =1 (22)
Ry = (R12‘2"R34) Ry = (R13‘2"R24) (23)

Based on Hall VdP configuration (Fig.18 (c)-(d)), carrier concentration (n) and mobility (u) of Bi.Tes
compacted nanoparticles were estimated using eqs.25-26; d, e and p represent sample thickness,

electron elementary charge and sample resistivity at zero magnetic field respectively.

B

n= Rged (25)
1

W= (26)

3.4.2. Electrical instruments

3.4.2.1. Dynacool

DynaCool measurement system is of great interest for specifying physical transport properties where
a precise control over sample condition is offered during measurement procedure. This
measurement setup is known as second generation of PPMS which is fabricated by Quantum Design.
Compared to the first generation, DynaCool systems take advantage of not using liquid cryogens
which was utilized for cooling superconducting magnet and temperature control system. Therewith,
low vibrational environment for sample measurement is feasible using DynaCool system. It is worth
to mention, for cooling superconducting magnet as well as temperature control of DynaCool system
only little amount of liquid Helium-4 is required. In addition, the possibility of creating high vacuum
of less than 10~ Torr in around 10 minutes using an integrated cryopump improves quality of the
electrical transport measurement.

Material physical properties can be elucidated at temperature range of 1.8 — 400 K using DynaCool
system. Moreover, the system is designed to perform B-dependent measurements where the
amount of B can be sweeped up to 16 T in two different directions. In addition, the possibility of B
rotation during the measurement facilitates further physical investigations. Delicate temperature and

B adjustment of DynaCool system is highly demanding for different measurement setups.
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To start with the electrical transport measurement, sample was mounted in the middle of a
DynaCool puck. The electrical puck consists of three different channels where only two channels are
commonly used for electrical transport option (ETO).

ETO performs based on lock-in technique where amplitude and phase angle of an oscillating
electrical signal can be measured simultaneously. Phase angle is a determinative factor defining the
angle difference between the excitation signal and corresponding oscillating response of the sample.
In this work the amount of phase angle was optimized to less than one specifying ignorable influence
of inductive and capacitive effects.

For standard four-point measurement, each channel of DynaCool puck consists of four gold pads
of [ +,1—, V+ and V — (+ and — specify input and output directions respectively); by passing
current from I + to I —, voltage drop can be estimated between V + and V — correspondingly. To
avoid negative resistance, polarity of voltage probes must be observed.

Electrical and thermal transport properties of different kinds of materials can be investigated using
relevant DynaCool transport option. Depending on measurement purpose, two characterizations of
ETO and Thermal Transport Option (TTO) can be performed using DynaCool measurement system.
Due to the fact that electrical transport characterization of this work was conducted using ETO, more

details of this transport option are provided in the following.

3.4.2.1.1. Electrical Transport Option

Electrical transport parameters of the sample under investigation can be optimized using ETO of
DynaCool system. This option offers possibility of resistance measurement over the defined
temperature and B regime as well as current-voltage characterization.

Depending on sample p, ETO is expected to perform 2/4-point configuration measurements. For
samples whose resistance is below 10 M{2, 4-wire configuration is applicable while for samples with
resistance above 10 M2 up to 5 G2 2-wire configuration is recommended.

Hall measurement is also feasible using ETO where voltage probes are placed vertically. However,
due to some inevitable measurement errors, Ry, contribution is always incorporated into Ry.,.

To have a precise measurement, transport parameters of ETO must be optimized. Therewith,
resistance of 10 measurement points was optimized at different temperatures. Aiming at optimized
resistance variation of those measurement points, electrical transport parameters of amplitude,
voltage range and frequency were delicately optimized. More importantly, phase angle values were
observed during measurement to fulfill the desired requirement of < 1°. Finally, values of ~ 1 mA,
44 — 440 uV and ~ 0.1 —3 Hz were identified for amplitude, voltage and frequency range

respectively.
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3.4.2.2. Switch box

Considerable improvement in electrical transport characterization was achieved using electrical
instrument of switch box (Fig.19).

The automatic possibility of contacts switching during electrical transport measurement prohibits
simultaneous measurement of VdP configurations. More importantly, cross talk between different
channels can be avoided so that accuracy and reliability of the transport characterization improves

significantly.

Fig.19: (a) Switch box device. Schematic representation of (b) Longitudinal resistance and (c) Hall resistance measurement

of switch box (green lights of switch box represent the applied current direction).

3.5. Thermoelectric characterization

3.5.1. Direct 4-contact measurement device

To characterize p and S of Bi;Tes bulk samples, a direct 4-contact measurement device (LSR platform)
was utilized (Fig.20) effectively. Basically, TE properties of solid materials can be characterized up to
maximum temperature of 1500°C using Linseis LSR-platform. Moreover, low-temperature TE
characterization down to —100°C is also feasible using liquid Nitrogen.

In this work p and S of Bi,Te; compacted nanoparticles were characterized in the temperature range
of 30°C up to 240°C. Principles of S and p measurements using LSR characterization device is

explained in more details in the following.

Fig.20: (a) LSR setup. (b) Sample adjustment for In-plane characterization.
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3.5.1.1. Seebeck measurement

To start with S measurement, sample was placed vertically between two conducting electrodes of
LSR device as demonstrated in Fig.20 (b). The schematic illustration of the whole setup is provided in
Fig.21 (a).

To heat the sample, the whole setup was placed in a furnace (Fig.20 (a)); as soon as the sample
temperature was reached to a certain value which was already defined in the heating program, a
predefined temperature gradient of AT was created through the sample. Two electrodes
represented on the top and bottom measure the amount of AT.

Practically, by applying AT, AV can be measured by two side-thermocouples as represented in Fig.21

(a), subsequently, sample S can be identified using eq.27,

AV
s== (27)

Upper gradient heater

I3

_—SJ'
l T Upper probe
]

AV¢ b

lLower probe
' S

T | »

Lower gradient heater a c

Fig.21: (a) Schematic illustration of Seebeck measurement setup of LSR device. (b) In-plane Seebeck measurement. (c)

Cross-plane Seebeck measurement.

In-plane (L) and cross-plane (||) orientations are associated with perpendicular and parallel
directions relative to the vertical pressing direction respectively. Depending on sample adjustment,
S)) and S, of different crystallographic orientations can be measured; as demonstrated in Fig.21 (b)-
(c), AT is applied through and across the sample correspondingly, subsequently, S, and S, can be
identified respectively. Due to the limited amount of Bi,Tes initial powder, in-plane S characterization

was triggered in this work.
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3.5.1.2. Resistivity measurement

The schematic illustration of p-measurement setup is represented in Fig.22 where sample p can be
specified using ohm’s law. First, one dimensional current was provided by upper and lower
electrodes under thermal equilibrium condition; subsequently, voltage drop of certain length (t) was
measured using side-contact thermocouples. The distance of two thermocouples was measured

before starting the characterization.

!

Upper electrode

—
<
<+

)
)

)
)

)
)

Lower electrode

Fig.22: Schematic illustration of resistivity measurement setup of LSR device.

3.5.2. Laser flash method

k of Bi,Tes compacted pellets was defined in two different crystallographic orientations in the
temperature range of 30 °C up to 240 °C using a laser flash characterization device (Fig.23). Base on
eq.28, k of the compacted sample was calculated where @, p and C, are thermal diffusivity, density

and specific heat capacity of the Bi,Tes compacted pellets respectively,

k = apC, (28)

Detector *‘L ‘
Iris

Furnace

. Nd:YAG laser

Fig.23: (a) LFA setup. (b) Schematic illustration of LFA setup.
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As demonstrated in Fig.23 (b), the device consists of three main parts of detector on the top, sample
carrier in the middle and laser flash (heat source) on the bottom where sample was exposed by laser
flash from the bottom during measurement time.

Depending on laser beam collection, in-plane and cross-plane measurement of k is feasible. For
cross-plane measurement, center of the pellet was exposed; subsequently, reflected beam was
collected by the detector. However, the reflected beam of in-plane measurement was collected from
sample edges. The corresponding sample holders of in-plane and cross-plane measurements are
shown in Fig.24. While cross-plane holder contains an empty hole exactly at the center, the reflected

beam of in-plane measurement can be collected from the surrounding grooves.

Fig.24: (a) Cross-plane and (b) In-plane sample holder of k characterization.

To have an accurate measurement, different parameters of predefined heating program were
delicately optimized. Depending on the sample and type of the measurement (in-plane or cross-
plane), parameters of laser pulse energy, pulse duration, Iris and amplifier are necessary to be
optimized. In this work, laser power of 300 W with pulse length of 2 ms was considered for cross-
plane measurement. Moreover, Iris and amplification were set as 4 and 20 respectively. However,
for in-plane characterization higher laser power value of 350 W as well as amplification of 50 were
defined. The number of measurements at each specific temperature of cross-plane and in-plane

measurements were set to 5 and 8 respectively.

3.6. THz time-domain spectroscopy

Detailed realization of topological surface carriers of the nano bulk Bi,Te; material was performed by
the THz team at University of Duisburg-Essen using a commercial THz time-domain system in
reflection geometry. At the sample position, the THz spot size is about 1 mm for frequencies of

1 THz and above, for lower frequencies the spot size was increased according to the wavelength.
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The sample was mounted next to a gold mirror that served as the reference, in a closed cycle
cryostat to vary the temperature in the range of 4 — 300 K. Z-cut quartz windows limits the upper
frequency of the measurement to about 3 THz. Sample and reference mirror were mounted behind
apertures with a diameter of 3 mm, limiting the lower threshold to about 0.7 THz resulting in
reliable measurement. Multiple measurements were taken on different days and averaged to

minimize the noise of the resulted data so that the observed features were well reproducible.
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Chapter.4

Results of electrical transport characterization

Introduction

In this chapter electrical transport characterization of Bi;Tes compacted nanoparticles of two
different chemical approaches (classical and developed synthesis routes) are represented and
discussed in more details. First, an overview of the investigated samples along with the
corresponding optimized sintering parameters is provided. In the next step, results of electrical
transport characterization of Bi,Tes bulk pellets fabricated from classical synthesis approach are
represented and discussed in more details, followed by developed synthesis route.

Organization of each approach is as follows. First, dominant transport mechanism of different
samples compacted from each nanoparticle batch was investigated analyzing temperature-
dependent p. Taking advantage of B sweep measurement, Mp and Hall resistance of the samples
were investigated followed by phase coherence length (lq,), carrier concentration (n) and mobility (i)
calculations. Morphological analysis including scanning electron microscopy (SEM), atomic force
microscopy (AFM), Conductive-AFM and transmission electron microscopy (TEM) were effectively
employed for in-depth data analysis. Finally, the conclusion was accomplished with results of THz-
time-domain spectroscopy conducted for Bi,Tes compacted nanoparticles of second chemical

approach.

4.1. Sample overview

A list of selected electrically-investigated Bi,Te; samples of two different approaches is provided in
table.1. According to the table.1, pressure of 2 kN was applied to compact Bi,Tes nanoparticles for
90 minutes compaction time. Depending on the applied temperature, Bi;Tes bulk pellets of distinct
thickness (d) and degree of compaction (density) were fabricated; therewith, relative densities (p') of
47% up to 99% for the applied temperature of 170 °C up to 320 °C with constant pressure of 2 kN
were realized respectively. The p’ values were calculated with respect to density of Bi,Tes bulk
material which is ~ 7.7 gcm™3 Ref [147].

According to the table.1l, measured temperature of different samples at the spot where
nanoparticles were compacted (T,) was different compared to the heater value (T;) originating from
heat loss through the metal die and connecting cables. It is worth to mention, compaction time of 90

minutes was considered with respect to the time where T, value was achieved.
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Due to the fact that accurate temperature measurement of T, was achieved during the sample
processing of this work, this information was missing for some samples and compaction time was
considered with respect to T; value.

The selected samples were contacted using InSn and Copper Beryllium probes.

Table.1: list of selected Bi,Te; compacted bulk pellets and corresponding optimized parameters of compaction procedure.

Batch | Sample | m +0.001 | d +0.001 T, T, Density p'

name name (mg) (mm) (°c)y | (°C) | (gr/ecm3) | (%) cotact
S$S2-01 69.8 0.99 170 _ 3.6 47 Metal probe
SS2-02 72.7 0.66 280 _ 5.6 72 Metal probe

o $S2-03 61.3 0.50 320 310 6.2 81 InSn

" S$S2-04 62.7 0.50 320 312 6.4 83 Metal probe
$S2-05 75 0.59 320 307 6.5 84 Metal probe
§S22-01 80.2 0.62 170 _ 6.6 85 InSn
$522-02 74.8 0.50 300 _ 7.6 99 Metal probe

g’ §S22-03 45.9 0.31 300 295 7.5 98 Metal probe
$S22-04 52.7 0.37 300 290 7.2 94 -

4.2. Classical synthesis approach

4.2.1. Powder characterization

In this section, electrical transport properties of Bi,Tes bulk samples which were compacted from SS2
nanoparticle batch is represented and discussed in more details.

Morphological analysis of initial SS2 Bi,Tes nanoparticles is illustrated in Fig.25; as represented in
Fig.25 (a) SEM image elucidates highly-agglomerated Bi,Tes nanoparticles which are randomly
distributed. High-resolution TEM (HR-TEM) analysis of SS2 powder revealed atomic lattice fringes
with a lattice spacing of ~ 0.2 nm proving high-crystalline quality of synthesized Bi,Te; nanoparticles
(Fig.25 (d)). As demonstrated in Fig.25 (c), the calculated thickness value of each QL of 1 nm was

estimated for Bi,Tes single particle which agrees very well with literature values”.

However, red arrow of Fig.25 (d) specifies some trace of contamination surrounding Bi;Tes
nanoparticle. Based on the conducted infrared spectroscopy (IR) spectra of Bi,Te; nanoparticles small
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trace of OA contamination which was used as capping agent during synthesis procedure (eq.19), was
detected (Fig.26). In addition, as will be discussed later, presence of Te nano-rods as represented in

Fig.25 (b) is considered as a drawback of classical synthesis approach.

Fig.25: (a)-(b) SEM images of agglomerated SS2 Bi,Tes nanoparticles; (red arrow of Fig.25 (b) illustrates evidence of Te nano-

rod). (c)-(d) TEM images of single Bi;Tes; nanoparticle.
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Fig.26: IR spectra of Bi,Tes nanoparticles via classical approach showing absorption signal from small traces of OA

contamination.
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4.2.2. Temperature dependent resistivity

Thermally-activated bulk carriers of Bi;Tes compacted pellets are supposed to be gradually
suppressed followed by temperature reduction mechanism promoting topologically-protected
surface transport contribution; therewith, resistance of Bi,Tes; compacted nanoparticles was
measured over temperature range of 300 — 1.8 K using VdP configuration. Subsequently,
longitudinal resistivity (p) of five SS2 compacted samples with distinct density values (table.1) was
calculated using eq.24; corresponding results of transport characterization are demonstrated in
Fig.27.

Depending on the sample density, temperature dependent p of S52 compacted nanoparticles relies
on different transport mechanisms; as demonstrated in Fig.27 (a), p of $S52-01 and SS2-02 samples
increases with decreasing temperature representing semiconducting-like behavior which is usually
unexpected for samples of high carrier density which will be discussed later. However, a different
transport mechanism is governed by increasing sample density; as shown in Fig.27 (a), p of SS2-03
sample increases with decreasing temperature down to ~ 200 K where the maximum p value of
~7.5mf.cm was achieved. By further temperature reduction down to~ 30K, p reduces
representing metallic transport behavior associating with weaker phonon scattering mechanism of
low temperature regime*®, In accordance with $52-01 and SS2-02 samples, p increases by further
temperature reduction down to 1.8 K which can be attributed to carrier freeze-out effect where
electron density decreases by temperature reduction'*®**°, In Fig.27 (b), p versus temperature of
three Bi;Te; compacted pellets with p’ of ~ 80%, are compared to each other. Similar p trends with
a broad peak ~ 200K elucidate multiple transport mechanism (semiconducting and metallic
transport) within ~80% dense Bi;Tes compacted nanoparticles confirming reproducibility and
reliability of the transport measurement.

Wang et. al. reported nonmetallic p trend for highly porous films of interconnected Bi,Tes
microplates'*®. Zhang et. al. observed semiconducting behavior for Sn-doped Bi,Tes polycrystalline
film which was attributed to the reduced bulk carrier contribution#,

For chemical vapor deposited Bi,Te; film of interconnected nano-plates of ~ 1 um, similar trend as
represented in Fig.27 (b), was observed by temperature reduction; in that work, the initial resistance
increase was attributed to carrier freeze out effect resulting from temperature reduction'*®. For
single crystalline Bi,Ses'*!, similar p trend was obtained; therewith, a shallow p minimum observed at
temperature of ~ 30 K followed by negative p slope which was developed at temperatures higher
than 250 K resulting from low n of ~ 101® cm™3; the negative p slope of that work was associated
with a crossover to activated behavior at temperatures higher than 300 K. In a similar work, multiple

p variation of single crystalline Bi;Te; similar to what is presented in Fig.27 (b) was observed™?. Tian
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et. al. reported a p hump at temperature of ~ 220 K followed by an upturn at temperatures below
14 K for Bi,Tes single crystalline nanowire of 320 nm and 100 nm thick®3.
Similarly, p of n-type Bi,Tes nanograined bulk material prepared by spark plasma sintering,

encountered a maximum of ~ 10 mf. cm at ~ 300 K followed by metallic behavior down to ~ 2 K*.
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Fig.27: Longitudinal p versus temperature of (a) SS2-01, SS2-02 and SS2-03 (b) SS2-03, SS2-04 and SS2-05 in temperature
range of 300 — 1.8 K.

A transition of transport mechanism from the observed semiconducting-like behavior of SS2-01 and
SS2-02 samples into an exclusively different mechanism as a result of density variation, introduces
density as a determinative factor of defining physical properties of compacted nanoparticles.
According to Fig.27 (a), the measured p values were decreased two orders of magnitudes by

increasing sample density specifying improved o contribution.

4.2.2.1. SEM and EDX morphological analysis

For further analysis, SEM images of SS2-01 and SS2-03 compacted pellets at their broken cross
section are illustrated in Fig.28. According to Fig.28 (a)-(b), SS2-01 sample is formed by
interconnected multi-sized nanoparticles with an average size distribution of ~ 80 nm which are
loosely connected into each other. Randomly-distributed tiny pores of irregular shapes and sizes
which are incorporated between nanoparticles, introduce a nanoporous-based design strategy. Non-
uniformly distributed porosity of $52-01 compacted pellet is in accordance with low measured p’

value of 47% .
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The measured p of SS2-01 compacted nanoparticles represent high values in the range of 100 —
180 m{2. cm specifying direct influence of sample porosity on p values (Fig.27 (a)). Considering Fig.25
(b) and Fig. 28 (b), shape of Bi,Te; nanoparticles was relatively preserved in $52-01 sample; however,

particles diameters were expanded resulting from sintering approach.

Fig.28: SEM analysis of (a)-(b) $52-01 and (c)-(d) SS2-03 compacted pellets at a broken cross section.

To compare particle size distribution of S$2-01 compacted nanoparticles with initial SS2 Bi;Tes
nanoparticles, histogram of statistical analysis of S52-01 compacted nanoparticles represented in
Fig.28 (b), was compared with Fig.25 (b); the corresponding statistical analysis is provided in Fig.29.
According to Fig.29 (a), large particle size distribution ranging from ~ 31 nm up to ~133 nm was
estimated for initial SS2 Bi;Tes nanoparticles. In contrast, particle size distribution of §52-01 sample
varies in the range of ~ 23 nm up to ~ 238 nm specifying considerable particle growth resulting
from the applied sintering temperature (Fig.29 (b)).

According to the conducted analysis, nanoparticles with diameter between ~ 40 nm and ~ 70 nm
are the major synthesis products of Bi;Tes SS2 batch; however, minority nanoparticles whose
diameter are larger than ~100 nm can be distinguished as well. In contrast, most of the SS2-01

particles are distributed in the range of 40 — 120 nm.
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Fig.29: Nanoparticle size distribution of Bi;Tes (a) SS2 initial powder (b) SS2-01 compacted nanoparticles; the blue smooth

curve specifies Gaussian fit to particle diameter distribution).

Nanoparticles of SS2-03 sample are tightly bonded into each other representing higher degree of

material compaction (Fig.28 (c)-(d)). Compared to Fig.28 (b), nanoparticle growth is visible in Fig.28

therewith, nano-sheets of ~ 600 nm

’

intering temperature

(d) originating from higher amount of s

temperature, well-

intering

increasing s

was measured for S52-03 compacted pellet. Moreover, by

ible. Considerable reduction of porosity

invis

defined nanoparticle boundaries of Fig.28 (b) become

and highly-compacted nanoparticles of S52-03 sample justifies reduced p values as represented in

Fig.27 (a).

Based on SEM morphological analysis, the measured p’values provide an evaluation of nanoparticles

degree of compaction where corresponding transport mechanism of Bi;Tes compacted pellets strictly

relies on microstructural configuration.

Atomic compositional ratio of compacted pellets was studied using Electron Dispersive X-ray (EDX)

analysis. Fig.30 represents SEM images of SS2-03 compacted pellet at a broken cross section. Average

atomic ratio of Bi and Te atoms of corresponding SEM images are collected in table.2 which is

:3.

tent with desired stoichiometric ratio of 2

consis

Fig.30: SEM analysis of SS2-03 compacted pellet at a broken cross section with three different resolutions.
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Table.2: EDX compositional analysis.

SEM image b c

Element Atomic ratio

Bi 42% | 62%

Te 58% | 38%

Fig.31: (a) SEM analysis of $S52-04 sample at a broken cross section. (b) Magnified SEM image of the highlighted areas (red

circles). (c)-(d) Elemental mapping analysis.

Table.3: EDX compositional analysis.

Element Bi Te

Atomic ratio | 16% | 84%

However, based on the represented SEM cross-sectional analysis of S52-04 sample in Fig.31, specific
areas of quite distinct morphological configuration are randomly distributed within the sample (red
circles of Fig.31 (a)). Using elemental mapping EDX analysis, these regions elucidate Te-rich areas of
~ 84% Te composition (table.3).

Given detected Te-rich areas of ~ 84% composition, the highlighted nano-rod of Fig.25 (b) with
~ 700 nm length most likely specifies presence of elemental Te in the initial Bi,Te; powder.

Unintentionally-formed elemental Te during Bi;Tes nanoparticle synthesis approach could induce
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additional n which could interpret metallic p trend of highly-compacted Bi,Te; nanoparticles (Fig.27
(b)).

Hor et. al. reported strong dependence of electrical transport behavior of Bi;Tes single crystal on Te
composition where material demonstrated completely distinct transport mechanism with slight
variation of elemental Te'**. The reported p trend of Bi,Tes single crystalline of that work is similar to
the behavior of Bi,Te; compacted nanoparticles as represented in Fig.27 (b). However, the resulted p
behavior of that work resulted from Te evaporation at temperature range of 400 — 420 °C which is

not the case in this work.

4.2.3. Magnetic field dependent resistivity

To investigate the effect of B on sample p known as Mp, magnetic field of B was applied
perpendicularly to the sample plane in two different directions. In the following results of R,, and
R, measurements of compacted Bi.Te; nanoparticles followed by B sweep of up to9T are
provided. Subsequently, [y of Bi.Tes compacted nanoparticles are calculated using two-dimensional
HLN model. In the next step n and u of propagating charge carriers are calculated using Hall

transport characterization results.

4.2.3.1. Magneto-transport characterization

The results of Mp measurement of five SS2 compacted pellets at different temperatures between
1.8 K and 50 K are demonstrated in Fig.32; Mp data were normalized using eq.29, where (Mp)min
and (Mp)max are Mp at B of zero and 9 T respectively,

— Mp—(MpP)min
(Mp)n - MP)max—(MpP)min (29)

As demonstrated in Fig.32, sharp drop of p around zero B of low temperature regimes elucidates
strong spin-orbit-coupled transport of SS2 compacted pellets. With increasing temperature,
pronounced p dip becomes broader and finally disappeared at higher temperatures; therewith, p dip
of SS2-01 porous pellet disappeared at 14 K while for SS2-03 compacted pellet, evidence of spin-
orbit-coupled transport survived up to 50 K.

So far, signature of spin-orbit coupled transport which was attributed to WAL effect was observed for

155-156 157 158

different Bi,Tes structures including thin films , microflakes®’, nanowires'®® and single crystals'>*
159-160 |nterestingly, this is the first time that evidence of quantum transport can be visible on a

microscopic Bi;Tes nanoparticle-based sample.
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Fig.32: Normalized resistivity versus magnetic field of (a) SS2-01 (b) SS2-02 (c) SS2-03 (d) SS2-04 (e) SS2-05 compacted

pellets over magnetic field of =9 T to 9 T at different temperatures.

4.2.3.1.1. HLN approach

As demonstrated in Fig.33 (a), Magneto-conductance (4G) of SS2-01 compacted pellet at three
different temperatures of 1.8 K, 5 K and 8 K for B interval of —0.5T up to 0.5 T was fitted using
eq.30%,
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AGyp = 2 (2 +2) —1n (22)) (30)

h
Bd) - 4€l¢2

(31)

In this equation, By and Y represent characteristic field and digamma function, respectively, a in
eq.30 is a prefactor; based on eq.31, By, associates with characteristic length of l¢.

The fitted Mp dip of SS2-01 sample as represented in Fig.32 (a), with respect to 2D HLN interference
formula elucidates evidence of quantum interference transport known as WAL effect, in the
compacted Bi,Tes nanoparticles. As illustrated in Fig.32, destructive quantum interference of
electronic wave function was destroyed by applying small amount of perpendicular magnetic field

resulting in quantum conductance correction of AG,p, (eq.30).
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Fig.33: AG fitting of S52-01 compacted pellet using HLN approach (a) 4G versus magnetic field of —0.5T up to 0.5T at
three different temperatures of 1.8 K, 5 K and 8 K. Calculated fitting parameters of (b) phase coherence length and (c)

prefactor of alpha at temperatures of 1.8 K, 5 K and 8 K.
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The calculated fitting parameters of [, and « are illustrated in Fig.33 (b)-(c); therewith, , decreases
with increasing temperature which is consistent with previous reports'>®157 160-161 " Considering high
numbers of scattering barriers introduced in a nanograined bulk material (Fig.25 and 28), the
calculated l¢ of ~ 154 nm at 1.8 K is roughly half of the reported value for epitaxial Bi,Tes thin film
samples (~ 331 nm)*2. Given l¢ value of SS2-01 sample, porous-based design strategy can be
regarded as an effective engineering approach of realizing topologically-protected surface transport
within nanograined bulk material. Basically, the incorporated porosity within the material could
introduce high energy barriers towards bulk carrier propagation, yet retain electrically-connected
interfaces; therewith, entangled surface and bulk transport contributions within the material can be
decoupled to some extent.

The prefactor a in HLN formula is defined as WAL coefficient signifying the number of topologically-
independent conducting channels. Theoretically, « = —0.5 was reported for one independent
topological channel'®3-1%%, Considering multiple conducting surface and bulk transport channels in a
nanograined bulk material as well as dominant bulk carrier contribution, @ can be assumed much
higher than the reported values'®?. The calculated a values represented in Fig.33 (c) are three orders
of magnitudes higher than the theoretically predicted one. However, the increasing trend of a values
with temperature reduction is in accordance with the previous reports?1162,

p dip of other SS2 compacted pellets was fitted using eq.30 and the corresponding fitting parameters
were calculated; therewith, a comprehensive overview of the calculated fitting parameters of five
SS2 compacted pellets at two different temperatures of 1.8 K and 5 K is summarized in table.4.
According to the table, fitting parameters of [, and a follow a systematic trend; the calculated [y of
SS2 compacted pellets increased with temperature reduction.

In addition, contribution of multiple transport channels into the whole transport signal was improved
by decreasing temperature; therewith, the calculated a values were normalized with respect to the
calculated one at 1.8 K (ay).

It is worth to mention that the calculated a values of SS2 samples with average density of ~ 60%
and ~ 80% are three and four orders of magnitudes higher than the theoretically predicted one
respectively, specifying improved contribution of multiple transport channels with increasing sample

density.
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Table.4: Fitting parameters of S52 compacted pellets at temperatures of 1.8 K and 5 K.

ly (nm) a
Sample name Temperature ( K) ay | p' (%)
1.8 5 1.8 5
S$S2-01 154 94 -156 -125 0.80 47
$S2-02 91 86 -263 -214 0.81 72
S$S2-03 109 87 -1137 -913 0.80 81
S$S2-04 117 74 -1421 -1314 | 0.92 83
S$S2-05 114 88 -1357 -1002 | 0.73 84

Based on comprehensive analysis of Mp measurements, sharp p dip of spin-orbit-coupled transport
can be interpreted as quantum interference phenomenon known as WAL effect. Therewith, the
calculated p dip of nanoparticle-based Bi,Tes samples (Fig.32 (a)-(e)) confirms quantum interference
contribution of Bi;Tes; charge carriers associating with surface transport channel.

In addition, different values of fitting parameters (table.4) determine distinct p-dip configuration of

Bi>Tes compacted samples (Fig.32 (a)-(e)) in quantum diffusive transport regime.

4.2.3.1.2. Density dependent transport characterization

In Fig.34 (a), Mp of loosely-compacted Bi,Tes nanoparticles of S52-01 sample is compared with two
SS2 compacted pellets of SS2-02, SS2-05 with higher p’ values at specific temperature of 1.8 K. As
represented in Fig. 34 (a), Bi.Tes nanoporous bulk material elucidates the sharpest p dip.
Interestingly, p dip of Bi,Tes compacted nanoparticles becomes broader followed by compaction
improvement.

Corresponding [y values of extracted at 1.8 K versus p' are represented in Fig.34 (b); the amount
of [ decreased by p' enhancement with the highest l4 value of ~ 154 nm (blue circle) associating
with loosely-compacted Bi;Tes nanoparticles.

Given the calculated [y value of ~ 154 nm is comparable to the nanoparticle length scale (Fig.29),
detailed morphological analysis of the loosely-compacted Bi,Te; nanograined sample is conducted in

the next section.
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Fig.34: (a) Normalized Mp of S52-01, SS2-02 and SS2-05 compacted pellets at temperature of 1.8 K. (b) ls of SS2

compacted pellets versus relative sample density.

4.2.3.2. Morphological characterization

4.2.3.2.1. AFM and Conductive-AFM analysis

Given high calculated [l value of SS2-01 sample, AFM and Conductive-AFM analysis of Bi;Tes
nanoporous sample at a broken cross section was conducted at room temperature; the
corresponding results are shown in Fig.35. According to Fig.35 (a), AFM analysis depicts randomly
oriented Bi,Tes nanostructure with average particle size of ~ 120 nm. Multi-sized nanoparticles with
irregular shapes of Fig.35 (a) are in accordance with the conducted SEM morphology analysis of
Fig.28 (a)-(b). An incorporated porosity with an average size of ~ 400 nm within the material
introduces a distinct nanoparticle-based material design strategy resulting in high surface-to-volume
ratio.

The specific surface area (S) of SS2 Bi,Tes nanoparticles and compacted nanoparticle bulk of SS2-01
was determined by gas adsorption experiment with Brunauer-Emmett-Teller (BET) method. The
result of BET measurement for 300 mg and 69.8 mg of SS2 Bi,Tes powder and SS2-01 compacted
bulk pellet accordingly, is summarized in table.5.

Free surface area of 10.7 x 10* cm?g~! of Bi,Tes nanoparticles was reduced into 6.1 x 10* cm?g~1
for SS2-01 compacted pellet originating from surface degradation under compaction procedure.
However, the preserved amount of 57% of free surfaces within the nanograined bulk material
agrees well with the previous consideration of high surface-to-volume ratio (Fig.35 (a)).

Such high amount of free surfaces within the nanoporous bulk material is capable of surface

transport promotion and can partly explain high calculated [y value. Considering density of Bi,Tes
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(7.7 gcm™3)¥, surface-to-volume ratio of approximately 46.9 x 10* cm?/cm3® was calculated

confirming highly porous nanograined bulk material.

Table.5: BET characterization of SS2 nanoparticles and SS2-01 bulk pellet.

m S

(mg) | (cm?g™?)

Powder | 300 | 10.7 x 10%

Pellet 69.8 | 6.1x10*

Fig.35: (a) AFM image analysis of $S52-01 bulk pellet at a broken cross section. (b) Current image network of corresponding

AFM image of represented in (a). (c) Superposition of AFM analysis and corresponding current image.

High surface-to-volume ratio of Bi,Tes compacted pellet could provide a three-dimensional network
of charge carrier transportation. To visualize electronic transport mechanism of highly porous SS2-01
sample, current image network of the represented topography in Fig.35 (a), was provided by
Conductive-AFM characterization. White paths of Fig.35 (b) specify current flow of ~ 8 nA through
the defined white trajectories. By merging current and topographic images, one can identify current

trajectory suppliers. As illustrated in Fig.35 (c), either single Bi,Te; nanoparticles, surrounding area of
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agglomerated nanoparticles or the introduced porosity within the material could contribute into

electrical transport mechanism.

4.2.3.2.2. TEM analysis

Fig.36: TEM analysis; (a) Diffraction pattern of $52-01 bulk pellet. (b) Two adjacent nano-grains (red and green lines specify

detected atomic fringes which are oriented in different crystallographic orientations).

TEM morphological analysis of SS2-01 nanoporous sample is demonstrated in Fig.36. As represented
in Fig.36 (a), concentric circular diffraction pattern confirms polycrystalline nature of SS2-01
compacted nanoparticles. Fig.36 (b) illustrates two adjacent grain boundaries with an average grain
size of ~ 60 nm which is comparable with the average initial Bi;Tes nanoparticle distribution of
~ 40 — 70 nm (Fig.29 (a)). Atomic fringes highlighted in red and green are distributed in different
crystallographic orientations introducing effective scattering centers within the Bi,Te; nanograined

bulk material.
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4.2.3.3. Hall characterization

Hall characterization analysis of five SS2 Bi;Tes compacted nanoparticles at temperatures
of 1.8 K,5 K,50 K, 100 K and 300 K are illustrated in Fig.37; the negative Hall slope suggests n-type

carrier transport mechanism.
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Fig.37: Hall measurement of (a) S52-01 (b) SS2-02 (c) SS2-03 (d) SS2-04 (e) SS2-05 compacted pellets over magnetic field of
—9T1to9T at temperatures of 1.8 K, 5 K, 50 K, 100 K and 300 K.
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Fig.38: (a) n and (b) u of SS2 compacted pellets in temperature range of 300 — 1.8 K.

n and u of charge carriers at temperatures of 1.8 K, 5 K,50 K, 100 K and 300 K were calculated
using eq.25-26; the corresponding results are shown in Fig.38. According to Fig.38 (a), n of SS2
compacted pellets reduced with temperature reduction down to 1.8 K originating from carrier

freeze-out effect. Therewith, the calculated n of 10%° ¢m™3

at room temperature decreased one
order of magnitude into 101° cm™3 at 1.8 K. Zhang reported n in the same order of magnitude for n-
type Bi,Tes which was prepared by spark plasma sintering®.

Given calculated n of ~10%° — 10%2° ¢m ™3, bulk carriers are supposed to dominate Hall transport
signal. According to Fig.38 (b), u of charge carriers improved with temperature reduction; while u
variation of loosely-compacted Bi,Tes; nanoparticles (552-01) together with $52-02 compacted pellet
are not considerable, u of highly-compacted SS2 nanoparticles of $52-03, SS2-04 and SS2-05 at 1.8 K
is ~2 times of the measured values at room temperature which is consistent with lower p values
represented in Fig.27. This can be attributed to the promoted bulk carrier contribution into the
whole transport signal resulting from compaction improvement.

Low calculated u values of SS2-01 nanoporous sample proves strong scattering mechanism of bulk
contribution channel from porosity, Te nano-rods and incorporated interfaces of SS2-01 nanograined
bulk material. Given high calculated l¢ value together with evidence of bulk channel suppression,
one can conclude with surface and bulk transport channel disentanglement of the Bi;Tes;
nanograined bulk material using porosity-based design strategy. However, more investigation must
be conducted to define position of Er which could interpret the observed nonmetallic trend of

represented in Fig.27 (a).
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4.3. Developed synthesis approach

4.3.1. Powder characterization

In this section, Bi,Tes nanoparticles which were synthesized in the absence of capping agent of OA
serve as the model system.

Morphological analysis of SS22 initial powder is provided in Fig.39. Concentric circular diffraction
pattern illustrated in Fig.39 (a) represent polycrystalline nature of the initial Bi;Tes powder material.
High resolution TEM analysis of SS22 nanoparticle is represented in Fig.39 (b)-(d); hexagonal shape of
single nanoparticle confirms high quality of crystalline structure of SS22 nanoparticles batch (Fig.39
(b)). Compared to Fig.25, where some traces of contamination were detected like elemental Te and

capping agent of OA, no evidence of such contamination was observed.

Fig.39: Electron diffraction pattern of SS22 Bi,Tes initial powder. (b)-(d) TEM images of single Bi,Tes nanoparticle.

Highly-crystalline and well-oriented atomic fringes with calculated QL thickness value of ~ 1.05 nm
which are demonstrated in Fig.39 (c)-(d), offer high quality material which is distinct to what was
observed in classical approach.

According to SEM image represented in Fig.40 (a), multi-sized Bi,Tes nanoparticles with average size
of ~60nm are randomly distributed. Based on statistical analysis (Fig.40 (b)), particle size
distribution varies in the range of ~23nm up to ~ 176 nm with more than 50% of particles

representing diameter in the range of 20 — 80 nm.
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Compared to classical approach, Bi,Tes nanoparticles of distinct morphological configuration are

distinguishable. Moreover, no Te nano-rod was observed.
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Fig.40: (a) SEM image and (b) corresponding statistical particle size distribution of Bi,Tes SS22 initial powder.

Due to the fact that most of the initial powder was invested first on TE characterization which will be
discussed in the next chapter, along with limited amount of ILs-based Bi,Tes initial nanoparticles
(600 mg), the following results only cover Bi,Tes samples of highly-compacted nanoparticles with p’
in the range of ~ 85 — 99%.

The list of investigated samples is represented in table.1. Compared to the first approach where
sintering temperature of ~ 320°C resulted in Bi,Te; compacted nanoparticles with p’ of ~ 80%, in
the current approach, lower sintering temperature of ~ 300 °C resulted in ~ 99%-dense Bi,Tes bulk

pellets.

4.3.2. Morphological characterization of Bi;Tes compacted nanoparticles

4.3.2.1. SEM and EDX morphological analysis

SEM image analysis of S522-01 and S$S22-03 compacted pellets at a broken cross section are
demonstrated in Fig.41. According to Fig.41 (a)-(b), microstructural configuration of $522-01 and
§S522-03 samples at a broken cross section are compared to each other. As demonstrated in Fig.41
(b), particle growth in $522-03 compacted pellet is well-recognized originating from higher sintering
temperature (table.1). Compared to Fig.28, Bi,Tes; compacted nanoparticles of current approach
demonstrate completely distinct morphological configuration where polygonal-shaped particles are

randomly-oriented distributed within the material.
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Compared to the Bi,Tes nanoparticles synthesized by classical approach, average particle size
distribution of current approach has been increased significantly; as demonstrated for $S522-03
compacted pellet (Fig.41 (c)-(f)), non-uniform particle size distribution consisting of coarse sheets of
um length as well as fine nanoparticles of ~ 200 nm are closely compacted into each other.

Highly-compacted sheets of ~ 1.5 um length with only few nanometers thickness (Fig.41 (d) and (f))
introducing a high surface-to-volume ratio within the Bi;Tes nano bulk material, provide well-defined

trajectories for surface and bulk carrier transport channels.

Fig.41: SEM analysis of S522-01 (p = 85%) and (b)-(f) SS22-03 (p = 98%) compacted pellets at a broken cross section.
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Average atomic compositional ratio of SS22 compacted pellets of SEM images represented in Fig.41
(a)-(b), are demonstrated in table.6 using EDX analysis; the corresponding results confirm desired

stoichiometry of 2:3.

Table.6: EDX compositional analysis.

Element Atomic ratio

SEM | Fig.43 (a) | Fig.43 (b)

Bi 39% 40%

Te 61% 60%

4.3.2.2. AFM and Conductive-AFM analysis

Fig.42 (a) depicts AFM morphological analysis of SS22-03 Bi,Te; compacted nanoparticles conducted
at room temperature on the pellet cross section. The topographic AFM image shows a multi-grained-
based nanoparticle material with the preserved characteristics of initial Bi,Tes nanoparticles

agglomeration.

Fig. 42: (a) AFM image analysis of $522-03 (p = 98%) bulk pellet. (b) Current image network of corresponding topography of

represented in (a). (c) Superposition of AFM image and current network analysis.
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To elucidate conduction network, Conductive-AFM analysis of the represented topography in Fig.42
(a) was performed at room temperature (Fig.42 (b)). Conductive-AFM on the same cross section
indicates an enhanced conductivity along the interfaces of compacted nanoparticles; the green
regions of Fig.42 (b) represent conducting current of ~ 3 nA. Note that only percolating conductive
channels contribute to the Conductive-AFM image.

As demonstrated in Fig.42 (b), conductive current flowing on nanoparticles facets (red arrows)
visualizes closely-compacted nano-sheets of Fig.41. Compared to the observed current image of SS2-
01 nanoporous sample (Fig.35 (b)), the continuous percolating current network of Fig.42 (b) can be
attributed to distinct synthesis approach together with higher compaction degree of Bi,Te;
nanoparticles.

Conducted BET characterization of $522-03 compacted pellet confirms that approximately one tenth
of the initially available free surfaces are preserved within the compacted bulk material where free
surface area of 1.8 x 105 cm?g~1 of the Bi,Te; nanoparticles reduced into 2.6 x 10* cm?g~1 for the
compacted pellet (table.7). Considering density of Bi,Tes of 7.7 g cm™3 Ref[147], the pellet revealed
a surface-to-volume ratio of approximately 2 x 10° cm?/cm3. Compared to classical approach,
surface-to-volume ratio of the initial powder increased one order of magnitude which is in

accordance with the realized um surfaces.

Table.7: BET characterization of $522 nanoparticles and S522-02 bulk pellet.

m S

(mg) | (cm?g™?)

Powder | 350 1.8x10°

Pellet 74.8 2.6 x 10*

4.3.3. Temperature dependent resistivity

Temperature-dependent p of SS22 compacted nanoparticles is represented in Fig.43; as shown in the
figure, p specifies a metallic conductivity trend down to a temperature of ~ 5 K which is a typical
behavior of highly-doped small band gap semiconductors. Below 5 K, p shows a clear drop which is
qualitatively comparable to the behavior of a superconductor (Fig.43 (b)); however, based on heat

capacity (C,) measurement represented in Fig.43 (c), no indication of phase transition in this
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temperature regime is evident. Therefore, this drop of p can be interpreted as an evidence of spin-

orbit-coupled transport.
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Fig.43: (a) p versus temperature of S522 compacted pellets in temperature range of 300 — 1.8 K. (b) Magnified p drop of
SS22 compacted pellets in temperature range of 30 — 1.8 K. (c) Heat capacity measurement of SS22-02 compacted pellet.

(d) p versus temperature of low temperature regime (up to 30 K) with applied magnetic field of 0.1 Tupto 1 T.

For $$22-01, SS22-02 and SS22-03 samples p drop occurs at ~ 7.6 K, ~ 4 K and ~ 5 K respectively.
The observed p drop of SS22 compacted nanoparticles which was contacted directly via Copper
Beryllium probes proves intrinsically-based material properties.

Similar downward trend of p was previously reported only for a high purity epitaxial Bi,Tes film with
a reduced bulk carrier density, and was attributed to the predominant conductivity channel of Dirac
carriers arising at the surfaces of the TI*®>. As shown in Fig.43 (d), by applying perpendicular B of
0.1T up to 1T on the surface of $522-02 compacted pellet, the signature of spin-orbit-coupled

transport disappears.
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Similar to the previous results (classical approach), p values decreased from ~ 1.5mfl.cm into
~ 0.6 mf). cm with increasing compaction degree of $522 compacted pellets from ~ 85% to ~ 99%
respectively. However, p values of current approach are reduced around one order of magnitude
compared to classical approach (Fig.27), specifying Bi,Tes nanoparticles of low levels of impurities

and surface contaminations.

4.3.4. Magnetic field dependent resistivity

4.3.4.1. Magneto transport characterization

The results of Mp measurement of S522 compacted nanoparticles are represented in Fig.44; similar
to classical approach, Mp measurements exhibit an indication of spin-orbit-coupled transport where
p values dropped sharply around zero B. Quite distinct p dip configuration of this approach specifies
synthesis-based electrical transport properties of the nanoparticle-based Bi;Tes bulk material.
Density dependent Mp of three different SS22 compacted pellets at 1.8 K are compared in Fig.44 (d)
where sharp p dip of $522-01 sample becomes broader followed by compaction improvement which

is in accordance with the previous approach (Fig.34 (a)).
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Fig.44: Normalized Mp of (a) SS22-01 (b) SS22-02 and (c) SS22-03 compacted pellets over magnetic field of =9 T to 9 T at

different temperatures. (d) Normalized Mp of three different SS22 compacted samples at temperature of 1.8 K.

4.3.4.1.1. HLN approach

To define the governed transport mechanism of the SS22 nanoparticle-based bulk material at low-
temperature regime, two-dimensional HLN quantum interference model was effectively applied.
However, AG of SS22 compacted nanoparticles was not fitted using eq. 30; 4G of S522-02 and SS22-
03 compacted pellets were well-fitted using eq.32'%1%” where B; (i = ¢,S0,e) and Y represent

characteristic field and digamma function, respectively, a is a prefactor.

s = 510 (3 2) - (8- 210 (52 ) e 3 (e

TT

%) ~ I (OBST"*B“’)] (32)
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(33)

i 4eli2

Considering three characteristic lengths of l¢, spin-orbit scattering length (lg,) and elastic scattering
of mean free path (l,), B; of each scattering channel can be identified using eq.33'%. Due to
dominance of l¢ at low temperatures and small magnetic fields, By is considered as characteristic
field in quantum diffusive transport regime. Subsequently, [, and spin orbit scattering contribution of
bulk carriers are well approximated by the B? term represented in eq.34. Compared to the applied
interference model of previous approach (eq.30), additional cB? term of the current approach

introduces extra scattering mechanisms of [, and [lg, into the transport signal.

sy = () (3] e =

AG fitting of SS22-02 and SS22-03 compacted nanoparticles at three different temperatures are
represented in Fig.45 (a)-(b) and (d)-(e), respectively, using eq.34. Therewith, temperature
dependent 4 of these two samples is provided in Fig.45 (c) and (f). Sudden [y variation from
~22nm to ~70nm and ~28nm to ~107 nm for SS22-02 and SS22-03 compacted samples
respectively, followed by temperature reduction which is consistent with previous reports®® 168

could be an explanation for the observed downward p trend below 5 K.
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Fig.45: AG fitting of SS22-02 and SS22-03 compacted pellets using HLN approach (eq.34). (a)-(b) 4G of 5522-02 sample at
three different temperatures of 1.8 K, 5 K and 8 K versus magnetic field of =9 T to 9 T. (d)-(e) AG of $522-03 sample at

three different temperatures of 1.8 K, 5 K and 50 K versus magnetic field of =9 T to 9 T. [y versus temperature of (c)

$522-02 and (f) $S522-03 compacted nanoparticles.

Fitting parameters of [y and a for SS22-02 and SS22-03 compacted nanoparticles are collected in
table.8. Considering multiple scattering channels (eq.34) as well as significant bulk carrier
contribution into the transport signal, @ can be assumed much higher.

Therewith, a values in the order of 10° were calculated whose order of magnitude is the same as

that of Bi;Tes single crystalline®®?,
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Compared to the a values of classical approach, the current values increased three orders of

magnitudes elucidating synthesis-based electrical transport properties.

Table.8: Fitting parameters of $522-02 and SS22-03 compacted pellets at temperatures of 1.8 K and 5 K.

ly (nm) a
Sample name
P 18K | 5K | 18K | 5K
S§S22-02 70 22 1.2x10° | 1.1x10°
§522-03 107 28 2.4x10° | 5.3x10°
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Fig.46: Iy of Bi,Tes compacted pellets versus relative sample density of two different chemical approaches (samples of

developed synthesis approach are marked with blue circles).

4.3.4.2. Hall measurement

The results of Hall transport characterization at temperatures of 1.8 K, 5 K,50 K, 100 K and 300 K
are demonstrated in Fig.47. Negative Hall measurement slope of SS22 samples specifies n-type

carrier transport within the Bi;Tes compacted nanoparticles.
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Fig.47: Hall measurement of (a) SS22-01, (b) $522-02 and (c) SS22-03 compacted pellets over magnetic field of —9 T to 9T
at temperatures of 1.8 K, 5 K, 50 K, 100 K and 300 K.

n and u of SS22 compacted pellets were calculated using Hall transport characterization; the

corresponding results are demonstrated in Fig.48. Hall measurements revealed charge carrier density

1.-1

in the order of 102° cm™3 as well as charge carrier mobility of ~30cm?V~1s™1 at room
temperature which are predominately related to the bulk transport channel. Similar to the classical
approach, n decreased followed by temperature reduction down to 1.8 K associating with carrier
freeze out effect (Fig.48 (a)) where the values are preserved in the order of 102° over the whole
temperature interval. Compared to n values of 101° at 1.8 K of SS2 compacted pellets (Fig.38 (a)),
the corresponding values were increased one order of magnitude for Bi,Tes compacted pellets of
current chemical approach.

In contrast, as demonstrated in Fig.48 (b), u values of the compacted pellets were increased with

decreasing temperature. Compared to u values of SS2 compacted pellets of ~20 cm?/Vs at 1.8 K
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(Fig.38 (b)), the corresponding values increased ranging from ~30 cm?/Vs up to ~80 cm?/Vs which

is in accordance with the improved sample degree of compaction together with higher n values.
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Fig.48: (a) n and (b) u of SS22 compacted pellets in temperature range of 300 — 1.8 K.
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4.3.5. Results of Terahertz time-domain spectroscopy
The findings presented so far give some evidences of surface transport mechanism within the
nanograined bulk material. As was mentioned in Hall transport characterization, still surface carriers

are outnumbered by majority of bulk carrier contribution.
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Fig.49: Experimentally obtained reflectivity (a) as a function of the wavenumber and temperature in the range of 4 K
to 300 K. (b) Calculated reflectivity with consideration of bulk and surface Drude conductivity as well as the surface
plasmonic contribution. (c)-(f) Measured (red) and calculated (blue) reflectivity as a function of frequency for temperatures
of 4 K, 130 K, 230 K, and 300 K, respectively. Surface carrier concentration (g) and mobility (h) extracted from the model

as a function of temperature.

Superconducting-like p behavior as well as evidence of quantum interference transport at low
temperatures of S522 compacted nanoparticles stimulated further experimental investigation. The
individual contributions of surface and bulk transport channels were elucidated in more detail by THz

time-domain spectroscopy®®*73.
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In the following section THz time-domain spectroscopy measurements of SS22-04 bulk pellet
conducted by THz group at University of Duisburg-Essen is provided.

First, a short THz pulse that was generated by a photoconductive antenna guided to the sample with
two parabolic mirrors. The reflected THz radiation was collected by another set of parabolic mirrors
and focused to the detector. Sample reflectivity as a function of temperature and wavenumber is
illustrated in Fig.49 (a). As demonstrated in the figure, a clear reflectivity dip appeared at
wavenumber of ~ 35 cm™?! followed by temperature reduction down to 4 K. Similar intrinsic THz
plasmons occur in graphene layers with natural nanoscale inhomogeneities’*.

For further analysis of the obtained spectra, a model consisting of three contributions of free carrier
absorption by surface and bulk carriers as well as plasmonic contribution of surface carriers into the
total 0 was employed (eq.35). The latter contribution is attributed to collective charge carrier
oscillations due to the microscopic structure of the Bi.Te; nanoparticles. Therewith, as soon as the

frequency of the electric field is resonant to the plasmon, a strong increase in light-matter interaction

occurs.

or = of + of (w) + op(w) (35)

Based on the presented model first, the THz conductivity of the bulk carriers (O'fB) was calculated via
Drude model represented in eq.36 where ng represents bulk carrier concentration which was taken
from Hall measurements; e, Tz and m* specify the elementary charge, momentum scattering time of
bulk carriers and effective mass respectively. The value of 0.07 of electron mass was considered as
m”* in the calculation'’>'7%, In addition, the introduced scaling factor of p’ into the bulk conductivity
formula stands for not having a perfect bulk crystal structure; the best match of the employed model

and obtained reflectivity spectra was found at p’ = 0.3.

0B (w) = 2T (L) (36)

m* 1-iwtg
The next contribution which is demonstrated in eq.37 accounts for surface Drude conductivity (afs);

The formula slightly differs from eq.36 where ng, Vi and ys specify surface carrier concentration,

Fermi velocity and surface scattering rate respectively,
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nh(iys+w)
The represented parameter of ¢' in eq.37 serves as fitting parameter into Drude surface conductivity
so that the amount of 2 x 102cm?/cm® was extracted as the optimized fitting parameter value. The
corresponding value which is one per mill of the obtained value by BET measurements (table.7),
accounts for the fact that most surfaces and interfaces will not be part of a percolating 3D network

which is in qualitative agreement with the conducted Conductive-AFM measurement (Fig.42).

ng of $522-04 sample at different temperatures was extracted using Bi,Tes band structure'’” as well
as bulk carrier concentration of ng. Taking Hall carrier concentration value at temperature of 2 K, Er
of Bi;Tes compacted nanoparticles turned out to be placed 0.27 eV above the DP and 0.05 eV above

CB minimum (Fig.50) which is in good agreement with literature value®.

Ve=4x107 cm/s

E£:=0.27 eV

Fig.50: Schematic illustration of Bi,Tes band structure; Er of Bi,Tes compacted nanoparticles is located 0.27 eV above the

DP.

D(E) and f(E,Eg) represented in eq.38 stand for DOS and Fermi-Dirac distribution function

respectively; DOS was taken from the previous calculation®”’.
Sz D(E)*£(E,Eg)dE + [ * D(E) <(1-f(E,Ep))dE = nys (2 K) (38)

Temperature-dependent chemical potential (u'(T)) can be estimated using carrier conservation law.
Therewith, one can calculate ng using eq.39 where D,,(E) specifies DOS of surface Drude carriers

with linear dispersion relation (eq.40),
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ns = [;° Dyp(E)<f(E,u' (T))dE (39)

2|E|
nhzvlz;

Dyp(E)= (40)

Assuming Vi of 4 x 107cm/s'’8, the surface carrier density was calculated to be ~ 9.6 x 1013¢cm ™2

which is only slightly depends on the temperature (Fig.49 (f)).

The scattering rate of the surface carriers (ys) is connected to the momentum lifetime of 75 via 15 =
1/ys. The temperature dependent ys was calculated using eq.41 where y, and A serve as fitting para

meterst’®.
Ys =Yo + AT? (41)

The proportionality factors of 4 and y, were calculate as 3.33 x 10™* and 10 respectively.

Using eq.41, temperature-dependent u of the compacted nanoparticle was calculated using eq.42,

Ve

b= X AT 42

According to the corresponding result demonstrated in Fig.49 (g), u of the surface carriers reaches

the value of ~ 1.2 x 10% cm?V ~1s~1 followed by temperature reduction.

52-53, 160

This u value which agrees well with the previous reports , emphasizes on high quality of Bi;Tes

nanoparticles.
Finally, the plasmonic contribution of 0;5 stimulates the obtained reflectivity-dip in the spectra

demonstrated in Fig.49 (a). The plasmonic response originating from microscopic structure of the

Bi,Tes nanoparticles, was incorporated within the model using modified Drude formula®®,

i 1a2
S _ 1qe TNgVE
GP((D) - 02—

Th(iys+——)

(43)

w

wp represents the plasmon frequency of 1.35 THz, which served as a free parameter to fit the
calculated results to the experimentally obtained values. The plasmon frequency of w,, depends on
the lateral dimensions of the microscopic structure as well as the carrier density*8,

To calculate reflection spectrum of three different conductivity channels (afB, ofs and 0;5), the

frequency dependent permittivity (¢) was calculated using eq.44 where gy and &, specify vacuum
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permittivity and background permittivity, respectively, based on previous reports!®? the value of 64

was considered as €,

i(O‘?+O‘?+O’§)

wEg

e(w)=¢x,+ (44)

According to eq.45, sample reflectivity of R can be obtained; i specifies complex refractive index,

e 1) (1) w9

The calculated temperature- and wavenumber-dependent R is shown in Fig.49 (b) which is
completely in accordance with the experimentally measured spectra of represented in Fig.49 (a). For
a better quantitative comparison, the calculated spectra (blue curves) at four distinct temperatures
of 4K, 130 K, 230 K and 300 K over wavenumber interval of 0 — 80 cm™?! are compared with the

red experimental data (Fig.49 (c)-(f)).

4.3.5.1. Transport contribution disentanglement

The interplay of the three conduction mechanisms is rather complex as the weight of each to overall
o depends not only on the temperature, but also on the frequency. To provide a better insight to the
role of each conduction channel, the ratio of these contributions were calculated at fixed frequency
as a function of temperature; the corresponding results are discussed in the following.

The ratio of three conduction mechanisms at three different frequencies of DC, 0.75TH, and
1.5 THz are compared as a function of temperature (Fig.51). As can be seen in Fig.51 (a), the
plasmonic contribution is zero for DC measurement and increases with frequency as it gets closer to
resonance. The surface Drude contribution is decreasing upon increasing temperature for the DC
case, which is related to the increase of scattering rate. With increasing frequency the surface carrier
contribution decreases, which is related to the overall low scattering rate, i.e. the high scattering rate
of the bulk carriers leads to a rather flat behavior while the role of the surface carriers decreases. It is
worth to mention that the experimental data is only accessible in a limited frequency range and the
values for DC case are extrapolated, leading to a small uncertain <ty. Nevertheless it is supposed to

be helpful to understand the role of the surface carriers in general.
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Fig.51: Contribution ratio for the three different conduction mechanisms, i.e. surface and bulk Drude conduction as well as

surface plasmonic conduction is plotted as a function of temperature at (a) DC, (b) 0.75 THz and (c) 1.5 THz.

The characteristic dip at 35 cm™!

cannot be reproduced by only considering surface and bulk Drude
contributions, but instead requires a resonant behavior connected to high u carriers. Such high i can

be excluded from bulk carriers yet is offered in the sub-system of surface carriers.
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Chapter.5

Results of Thermoelectric characterization

Introduction
Synthesis-based TE properties of Bi,Te; bulk materials are represented and discussed in this chapter;
therewith, S, o, PF and k of Bi,Te; compacted nanoparticles of each chemical approach has been

identified and the corresponding results of both approaches are compared with each other.

5.1. Sample overview

Aiming at TE characterization, Bi;Tes nanoparticles with majority particle size distribution of ~ 40 —
70 nm and ~ 20 — 80 nm for classical and developed synthesis approaches, respectively, can easily
agglomerate resulting in closely-compacted Bi,Tes; nanoparticles.

A classification of Bi;Tes bulk pellets whose TE properties were characterized is provided in table.9.
Therewith, two samples of each nanoparticle batch (SS2 and SS22) were fabricated with p’ values of
~ 80% and ~ 99% respectively. According to the table, pressure of 2 kN was applied during Bi,Tes
nanoparticles compaction. Subsequently, highly-dense Bi,Tes bulk pellets were triggered by applying

sintering temperature of ~320°C and ~300 °C for SS2 and SS22 nanoparticles respectively.

Table.9: list of Bi2Tes compacted bulk pellets and corresponding compaction parameters.

Batch Sample | m£0.001 | d+0.001 Ty T, p p

name name (mg) (mm) (°Cc) (°c) (gr/cm3) (%)
~ $S2-06 61.2 0.48 320 300 6.5 85
a S$S2-07 66.5 0.53 320 306 6.4 83
~ S$S22-P1 79.4 0.54 300 280 7.5 98
g’ §S22-P2 76 0.51 300 288 7.6 99

Densities of Bi,Tes bulk pellets of classical approach did not exceed for more than ~ 85% which is
most likely originated from the residual contaminations on nanoparticles surfaces (Fig.25-26).
Comparable density as high as ~ 87% was reported for Bi,Tes bulk pellet of compacted nanoparticles

which were synthesized in presence of the capping agent of alkane thiol*®3.
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TE characterization of compacted Bi,Te; nanoparticles was carried out for in-plane crystallographic
orientation. However, k of the samples was characterized for both in-plane and cross-plane

directions.

5.2. Thermoelectric characterization

5.2.1. Seebeck coefficient and electrical conductivity characterization

TE characterization of Bi,Tes compacted nanoparticles of two synthesis-based approaches are
represented in Fig.52; where TE properties including S, o, PF and ZT were measured under Ar
atmosphere in temperature range of 30 °C up to 240°C.

As represented in Fig.52, TE properties of different approaches follow similar behavior over

temperature range of 30°C up to240°C specifying reproducibility and reliability of the

measurements.
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Fig.52: Comparison of (a) S (b) o (c) PF and (d) ZT of compacted Bi,Te; nanoparticles which were synthesized by two

different chemical approaches; green and blue colors specify classical and developed synthesis approach respectively.
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According to Fig.52 (a), o of SS2 compacted nanoparticles revealed low values of ~ 100 Scm™! over
the whole temperature interval that can be attributed to the detected organic substance of OA
surrounding Bi>Tes nanoparticles (Fig.25-26). In contrast, electrical transport contribution of Bi,Te;
compacted nanoparticles of developed synthesis approach, improved dramatically; therewith, o of
SS22 compacted pellets revealed ~ 12-fold increase at temperature of 30°C compared to SS2
compacted pellets resulting from Bi,Tes nanoparticles of neither contaminated with organic
surfactants nor with elemental Te.

As demonstrated in Fig.52 (a), o of S522 compacted nanoparticles revealed a decreasing trend from
~ 990 Scm™1 value down to ~720 Scm ™! upon temperature enhancement. Tang et. al. reported ¢
in the same order of magnitudes for layered Bi;Tes nanostructure which was prepared by melt
spinning and spark plasma sintering techniques. Moreover, ¢ of that work follows the same trend
with temperature enhancement!®®. However, o of SS2 compacted pellets follows an opposite
temperature dependence where, o increased upon temperature enhancement varying in the range
of ~88Sem™ ! up to ~127 Scm™ L.

It is worth to mention that further porosity reduction of SS2 compacted pellets will more likely
improve the electrical transport contribution; however, the resulting values would be more likely still
much lower compared to the corresponding values of S522 compacted pellets.

Compared to the reported value of 12.2 Scm™! for 99.99% Bi,Tes bulk material'®, dramatic o
improvement of this work which is comparable to the o values of highly crystalline Bi,Te;
nanostructure!® emphasizes on key importance of the synthesis-based material design strategy.
Negative S values of Bi;Tes compacted nanoparticles (Fig.52 (b)), elucidates n-type carrier transport
mechanism and agrees well with Hall transport characterization (Fig.37 and 47). The measured S of
two different approaches relies on the same trend where S increases followed by temperature
reduction with the measured maximum value of ~ — 138 uV/ /K and ~ — 92 uV /K for $S522 and SS2
compacted pellets at temperature of 30 °C respectively. S of SS22 compacted samples, being slightly
lower compared to the intrinsic Bi;Tes®’, is in accordance with high n values in the order
of 1029 cm™3 (Fig.48 (a)).

In contrast, lower S values of SS2 compacted samples are more likely attributed to excess elemental
Te (table.3). According to the previous report'®, Bi/Te ratio of Bi,,Tes:x compound associates directly
with material S value.

The overall contribution of S and ¢ into material PF is elucidated in Fig.52 (c). By raising temperature
up to 240°C, PF of S22 compacted pellets increased in range of 0.95 — 1.46 mW /mK?, however,
PF of SS2 compacted samples varied in the range of 0.04 — 0.1 mW /mK?.
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The enhanced PF values of S522 compacted nanoparticles with a maximum value at temperature

of ~ 200 °C are mainly attributed to the improved Bi,Tes nanoparticles o.

5.2.2. Thermal conductivity characterization
Bi>Te; nanograined bulk material contains high number of interfaces and grain boundaries which are
specifically favored for lattice thermal conductivity (k;) suppression; according to TEM images

represented in Fig. 36 and 39, randomly oriented atomic lattice fringes can dramatically decrease k;.
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Fig.53: k characterization of Bi,Te; compacted nanoparticles: (a) Total k (b) k; of $S522 and SS2 compacted samples (green
and blue colors specify 552 and SS22 compacted samples respectively). Comparison of k, and k of (c) S$22-P2 and (d) SS2-

07 compacted nanoparticles (brown and orange colors represent k; and k, respectively).

k characterization of Bi,Tes compacted samples are illustrated in Fig.53. According to Fig.53 (a), low

amounts of k of SS2 compacted nanoparticles up to ~ 150 °C can be attributed to excess elemental-
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Te and considerable amounts of porosity within the material (p’ of ~ 85%) resulting in effective
phonon scattering mechanism. However, these can be regarded as deteriorating factors for electrical
transport contribution (Fig.52 (a)).

Considering theoretical value of I, (1.5 x 1078 V2K ~2)13, k, of Bi,Tes compacted bulk pellets was
calculated using Wiedemann-Franz law (eq.14); the corresponding results are represented in Fig.53
(b) where the calculated k; values of $S522 compacted nanoparticles at temperatures higher than
~ 100 °C decreased compared to the corresponding values of SS2 compacted pellets; therewith, one
can conclude with higher phonon scattering mechanism within SS22 compacted nanoparticles at
higher temperature regime.

Moreover, electrical and thermal transport properties can be disentangled to some extent in S522
compacted nanoparticles. As was already discussed in SEM morphological analysis, S522-03
compacted pellet consists of both nano- and micro-sized particles; while um-length surfaces facilitate
electron transport contribution, thermal transport can be suppressed via nano-sized particle
distribution (Fig. 41). This reason more likely explains higher amount of ¢ along with the reduced k
values of S522 compacted nanoparticles for temperatures higher than ~100 °C.

Interestingly, despite the obvious nanostructured texture of the pellets, k; values of SS22 compacted

185 and with values

samples are in close agreement with those reported for Bi;Tes single crystals
obtained using ab initio calculations®. The ratio of k between the crystallographic c-axis and a-b
plane of Bi,Tes single crystalline is also close to the one obtained in SS22 pellet between the pressing
direction and its perpendicular plane (Fig. 53(c))®. Comparable k values with those of single
crystalline emphasizes on high quality of Bi,Tes nanoparticles together with reliability of the
synthesis-based material design strategy.

Anisotropic crystalline configuration of Bi,Te; compacted pellets can be well recognized by different
amounts of k” and k; measured for S522 and SS2 compacted nanoparticles (Fig.53 (c)-(d). This result
is consistent with anisotropic orientation of Bi;Tes; nanoparticles which was demonstrated by SEM
morphological analysis (Fig.28 and Fig.41).

The values of k parallel to the pressing direction of both approaches are smaller compared with k
perpendicular to the pressing direction. The anisotropy ratio of k is 1.1 and 2 for S522-P2 and SS2-07
respectively.

As demonstrated in X-Ray diffractograms of Fig.54, pronounced Bragg reflections of 00l (I = 3,6,..)
planes was revealed for perpendicular measurement to the pressing direction of SS22-P2 sample.
However, these Bragg reflections were not detected in parallel measurement to the pressing
direction. Therewith, one can conclude that morphological configuration of the sample favors

parallel crystallographic alignment of Bi;Tes nanoparticles which are perpendicularly aligned to the
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pressing direction. Therefore, the measured k” values of Bi,Tes compacted samples are smaller

compared to the corresponding k values.
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Fig.54: X-ray diffractogram of S522-P1 pellet perpendicular and parallel to the pressing direction. The positions of the Bragg

reflections of Bi;Tes are shown as red bars as reference (Reflections from sample holder are marked with a blue star).

5.2.3. ZT characterization

Finally, dimensionless ZT of Bi,Tes compacted nanoparticles were calculated using eq.10. According
to Fig.52 (d), the calculated ZT values of Bi,Tes compacted nanoparticles increased monotonically
upon temperature enhancement with maximum ZT values of 0.38 and 0.03 for SS22-P2 and SS2-06
compacted pellets respectively. As demonstrated in Fig.52 (d), ZT values of Bi;Tes bulk samples of
developed synthesis approach are one order of magnitudes larger than classical approach which is
mainly attributed to the enhanced o of Bi,Tes nanoparticles. Hereby, one can conclude that the
improved TE performance of the SS22 Bi,Tes bulk samples originates exclusively from high quality

Bi>Tes nanoparticles with low levels of impurities and surface contamination.
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Summary and outlook

Topologically-protected surface states offer a variety of outstanding properties that are promising for
many technological applications, e.g. spintronics or thermoelectricity. With increasing size, it gets
more and more difficult to observe surface states as it is challenging to distinguish between surface
and bulk carriers, which tend to dominate the electronic properties of large-scale samples. This work
shows an accessible and pragmatic way of producing microscopic topological insulating materials
that have a clear signature of the surface states and may pave the path towards the fabrication of Tl
materials, even on an industrial scale. The key to obtaining the samples is to synthesize nanoparticles
with clean surfaces and to preserve the nanoparticle character in the bulk.

In summary, electrical transport and TE properties of Bi,Te; bulk samples consisting of high quality
tailored-based Bi;Tes nanoparticles which were synthesized using ionic liquids, were investigated.
Nanoparticle-based design strategy was successfully applied for the Bi;Tes compacted nanoparticles
of two different chemical approaches using hot pressing technique.

Interestingly, sample degree of compaction (density) and specific chemical synthesis were realized as
determinative factors of defining governed transport mechanism of the Bi,Tes compacted bulk
material. Compared to Bi,Tes compacted nanoparticles of classically-synthesized approach specifying
nonmetallic p trend upon temperature reduction, compacted Bi;Te; samples of developed synthesis
approach exhibited metallic transport behavior followed by a superconducting-like p drop at
temperatures below 5 K.

Suppression of bulk transport channel in a Bi;Tes bulk material was triggered conceptually by tailor-
based material design strategy where two effective approaches of porosity as well as large um-
length surface design concepts were successfully applied into the Bi,Te; compacted nanoparticles of
classical and developed approach, respectively, resulting in significant surface-to-volume ratio
improvement. Therewith, high amount of free surfaces of 10* cm?g~* and 10° cm?g~tintroduced
within the material.

Indications of surface transport carriers were realized using magneto-transport measurement
technique. Loosely-contacted Bi,Tes nanoparticles with preserved shape of the initial powder (Bi;Tes
nanoporous bulk material) revealed highls value of ~ 154 nm along with the sharpest p dip.
Basically, samples of both approaches revealed indication of destructive quantum interference
known as WAL effect at low temperatures and small magnetic fields, however, the realized quantum
interference of each category relied on distinct HLN models elucidating the synthesis-based electrical

transport properties.
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For that reason, time-domain THz spectroscopy was effectively employed so that dominance of the
surface transport at low frequencies with a major contribution to the DC transport with a u of above
103 cm?V~1s~! even at room temperature for Bi,Tes compacted nanoparticle of developed
synthesis approach were realized. In the meanwhile, distinct transport contributions of bulk and
surface Drude conductivity as well as plasmonic surface carriers of the Bi,Tes compacted
nanoparticles were mathematically specified and contribution ratio of those conductivities were
defined as a function of temperature and frequency. Despite the fact that surface carrier density was
far below the one of the bulk carriers, it was demonstrated that surface carriers dominate DC
transport signal even at room temperature as they accounted for roughly 60% of the total
conductivity.

Moreover, Bi,Tes; nanoparticles of low levels of impurities and surface contaminations revealed
distinct TE features where high § of —138uVK~! and o of 720Scm™! at highest tested
temperature of 240 °C were realized. The corresponding k is comparable with those of single crystals
and ab initio calculations which is in remarkable contrast to typical findings of nanograined bulk
materials obtained from the compacted Bi,Tes nanoparticles. If S and o can be improved further
while k value is maintained at least at their present values, ZT in excess of the state-of-the-art will
become possible.

While often the investigation of surface states requires atomically clean surfaces of experimental
model systems, this work showed that a “real-world” sample actually exhibits the desired properties.

These findings set the stage for further utilization of topologically-protected carriers.
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