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Abstract

The world’s increasing demand for energy and supplying this energy dom-
inantly from fossil fuels has a major impact on global climate change. The
energy crisis has gotten more alarming in the recent years which increased
the motivation for replacing fossil fuels with greener routes for energy har-
vest. There are various technologies developed for harvesting energy, and
the ability to recover energy from waste heat at a wide range of temper-
atures (from room temperature to more than 1000 °C) distinguished the
thermoelectric (TE) materials from the rest. The drawback about the ther-
moelectric devices is that they are too inefficient to be cost-effective in many
applications, and the developments in nanotechnology is providing some
solutions to increase the efficiency of these materials and devices.

The field of thermoelectrics suffer from large discrepancy of the
results in the literature, which is generally attributed to the variations in
the materials qualities, urging a need for the development of synthetic
techniques that can lead to large-scale TE materials in reasonable time
frame. In this thesis, three different routes for rapid, scalable, and energy
efficient, wet-chemical synthetic techniques for bismuth chalcogenide
compounds are presented. Microwave assisted heating during reaction
provided better control over the particle properties while reducing the
reaction time and carbon footprint of the synthetic method, leading to
materials bismuth chalcogenides with promising TE transport properties
in a scalable and reproducible manner.

Hybrid TE materials, and recently emerging solid-liquid TE materials
concept, requires fabrication of porous TE films, to study the effect of vari-
ous interfaces, including solid and liquid electrolytes. For this purpose, we
developed and optimized the electrophoretic deposition (EPD) process to
prepare nanostructured porous TE films by preserving the size and mor-
phology of the as-synthesized bismuth chalcogenide particles. A new glass-
based substrate is designed and fabricated to study the electronic transport
properties of the electrically active films prepared via EPD. Using this plat-
form, we could clearly demonstrate the significance of the synthetic method
on the surface chemistry and resultant transport properties of the TE ma-
terials. The methods and materials developed in this thesis are expected to
impact and expedite further developments in the field of thermoelectrics.



Sammanfattning

Varldens okande efterfragan pa energi och att tillhandahélla denna ener-
gi framst fran fossila branslen har en betydande inverkan pa den globala
klimatforandringen. Energikrisen har blivit allt mer alarmerande de senas-
te aren, vilket har 6kat motivationen att ersitta fossila brinslen med gréna
energilosningar. Det har utvecklats olika tekniker f6r energiutvinning, men
formégan att atervinna energi fran spillvirme vid ett brett temperaturin-
tervall (frdn rumstemperatur till 6ver 1000 °C) skiljer termoelektriska (TE)
material frin 6vriga. Nackdelen med TE-enheter ar att de ar for ineffektiva
for att vara kostnadseffektiva i manga tillimpningar, dar utvecklingen in-
om nanoteknik erbjuder vissa 16sningar for att 6ka effektiviteten hos dessa
material och enheter.

Inom omradet for TE-material finns det stora avvikelseriresultaten i lit-
teraturen, vilket i allménhet tillskrivs variationer i materialkvaliteten. Det
finns ett behov av att utveckla syntetiska tekniker som kan leda till hogef-
fektiva TE-material i storskalig produktion pé rimlig tid. I denna avhand-
ling presenteras tre olika metoder f6r snabb, skalbar och energieffektiv vat-
kemisk syntetisering av bismutkalkogenidféreningar. Mikrovagsassisterad
uppvarmning under reaktionen gav bittre kontroll 6ver partikelegenska-
perna samtidigt som reaktionstiden och koldioxidavtrycket for den synte-
tiska metoden minskade, vilket resulterade i bismutkalkogenider med lo-
vande TE-transportegenskaper pa ett skalbart och reproducerbart sitt.

Hybrida TE-material och det nyligen framkomna konceptet med fast-
vitska-TE-material kraver framstéllning av pordsa TE-filmer for att stude-
ra effekten av olika granssnitt, inklusive fasta och flytande elektrolyter. For
detta &ndamal har vi utvecklat och optimerat elektroforesdepositionspro-
cessen (EPD) for att framstélla nanostrukturerade porosa TE-filmer genom
att bevara storlek och morfologi hos de syntetiserade bismutkalkogenidpar-
tiklarna. En ett nytt substrat baserat pa glas har designats och tillverkats for
att studera de elektroniska transportegenskaperna hos de elektriskt aktiva
filmerna som framstillts via EPD. Med denna plattform kunde vi tydligt vi-
sa betydelsen av syntesmetoden for yt-kemin och de resulterande transpor-
tegenskaperna hos TE-filmerna. De metoder och material som utvecklats i
denna avhandling forvintas paverka och paskynda vidareutvecklingen in-
om forskningsomradet for TE-material.
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Chapter 1

Introduction

1.1 Thermoelectric (TE) materials

The energy crisis in the world have become increasingly severe and urgent,
which is forcing many countries to leave the usage of fossil fuels behind and
to adopt greener routes to overcome this crisis. There are multiple tech-
nologies that can provide greener solutions for energy generation and stor-
age, including photovoltaics, wind and water turbines, batteries, and ther-
moelectric (TE) converters [1-5]. The process of energy conversion from
a primary energy source to the end use is subjected to several losses at al-
most every step of the conversion [6]]. Forman et al. reported that 72% of
the global primary energy consumption is lost after conversion, and 63%
of the waste heat arises below 100 °C where the largest portion comes from
electricity generation [|6]. To increase the energy efficiency and reduce the
energy consumption, it is essential to use such waste heat. TE materials can
convert the waste heat into electricity: when there is a temperature differ-
ence across the TE material, the charge carriers diffuse away from the hot
side and accumulate on the cold side. The flow of charge carriers creates a
voltage difference which is directly proportional to the temperature differ-
ence across the material, and this phenomenon is called the Seebeck effect.
The reverse, i.e. the Peltier effect, is also possible, application of electri-
cal current to a TE material causes the diffusion of charge carriers from
hot side to the cold, creating a temperature difference, which can be used
as heating or cooling element. Thermoelectric generators (TEGs) are solid
state semiconductor devices containing many thermocouples (TCs) that are
connected electrically in series and thermally in parallel. Every TC in a TE
device consists of one n- and one p-type semiconductor, in which the charge
carriers are electrons and holes, respectively. These n- and p-type couples
are connected to each other with metallic contacts (Figure 1.1).
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To evaluate the performances of TE materials, a dimensionless quan-
tity has been formulated which is referred to the TE figure of merit (ZT).
This value can be calculated via ZT =(S? ¢T)/x, where S, o, x and T are the
Seebeck coefficient, electrical conductivity, total thermal conductivity, and
the absolute temperature (Kelvin), respectively. The total thermal conduc-
tivity is the sum of electrical and lattice thermal conductivity, « = k, + ;.
An ideal TE material should have high Seebeck coefficient and low thermal
conductivity. However, these two transport properties have a strong con-
nection with each other, and it is crucial to find effective ways to break this
correlation to improve the performances of TEGs.

Metallic

'
contacts
NP 4N /P 4N 2',

Figure 1.1. A typical design of TEGs where many n- and p-type semiconductors are
connected electrically in series via metallic contacts to obtain the desired electric cur-
rent and voltage. The thermocouples are generally placed between two ceramic plates.

This thesis work focuses on inorganic crystalline TE materials, more
specifically Bi, . Sb, Te, (x:0-2) compounds, where the atoms are regularly
arranged in the form of lattice inside the crystals. The carriers of electric
charge and thermal energy move in these crystal lattices, thus it is impor-
tant to understand the crystal structure of the materials to be able to tune
their electrical and thermal conductivity. Bi,Te; and Sb,Te; compounds
have been dominating the research for near room temperature thermoelec-
tric applications with their outstanding ZT values [[7-9]]. Both compounds
have a rhombohedral crystal structure, and in each atomic layer, atoms are
stacked in a hexagonal pattern [J10~12]]. The hexagonal unit cell consists
of five covalently bonded monatomic sheets of Bi-Te or Sb-Te along the c-
axis in the sequence of -Te(1)-Bi/Sb-Te(2)-Bi/Sb-Te(1)-Te(1)-Bi/Sb-Te(2)-
Bi/Sb-Te(1)-, and a weak van der Waals attraction between the layers of
-Te(1)-Te(1)- where (1) and (2) represents the two different chemical states
of Te atoms [j10,/12]]. Having these large and highly polarizable Te atoms
with relatively weak bonds is the intrinsic reason for the low «; of these
compounds [9,[11]]. Defects and doping these crystals are important to im-
prove the TE performance of the materials, for instance, optimization of
carrier concentration is necessary to have a peak in ZT at desired tempera-

tures (Figure[1.2)) [[9]].
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1.1.1 Nanostructured TE materials

Nanostructured TE materials have been studied widely to overcome the
bottleneck about the correlation between parameters determining the ZT
[13H15]]. Several strategies have been tested to reduce the x and/or increase
the S and o, such as band gap engineering by tuning the doping and com-
position, and by investigating the effects of grain boundaries, and poros-
ity [8,/16H18|]. However, the correlation between S, o, and «, through car-
rier concentration and effective mass makes it difficult to tune these prop-
erties [[19]]. For this reason, research on enhancement of TE performance
mainly focuses on the decrease of «,; as it is being the more independent
parameter.

The electronic component of the total thermal conductivity, ., can be
defined as the heat transport of charge carriers among the crystal, and it can
be calculated via Wiedemann-Franz law: .= LoT where L is the Lorenz
number, ¢ is the electrical conductivity and T is the absolute temperature.
To achieve high ZT values, low «, and high o values are needed, but the
Wiedemann-Franz law shows the dependence of these values on each other
[[8]. However, the second component of &, x;, is a result of phonons travel-
ling through the crystal lattice, which is regulated by the size and porosity
of the crystal grains [[13,18]]. It can be tuned with nanostructuring of TE ma-
terials, by choosing the length scale of these structures based on the differ-
ence between mean free path of electrons and phonons, phonon scattering
can be increased instead of electrons, which would reduce the «,; [13},18]].
When grain size is comparable to phonon mean free path, grain boundary
scattering increases and the phonon transport would be blocked. Tailoring
the crystal grain size to reduce &, is a well known technique to obtain high
performance TE materials [13}/18].

1.2 Synthesis of TE materials

Nanostructured tellurium (Te)-based compounds such as, Bi,Te; and
Sb,Te,, has been studied widely over the past decades due to their high
ZT values near room temperature [7,16]. There are various synthesis
techniques to prepare these type of materials; mechanochemical [20,21],
hydrothermal [22} 23]], solvothermal [13, [24], and microwave (MW)
assisted routes [25}[26]].

A typical synthesis of TE particles via mechanochemical method con-
sists of ball milling for around 10-20 h, followed by hours of drying and
sintering of the powder, which is not time or energy efficient way to pre-
pare these materials [|20,[21,/27]. Since it is difficult to control the particle
size and morphology by using this type of top-down physical techniques,
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zT

|
0
1018 101 102 10%

Carrier concentration (cm-3)

Figure 1.2. Optimization of ZT by tuning the carrier concentration. Good TE mate-
rials are typically heavily doped semiconductors, and improving their efficiency (ZT)
involves a compromise of x, S, and o. Materials with low carrier concentration (insula-
tors and some semiconductors) have large S, but low « and o, which is not beneficial for
TE materials. The peak of ZT typically occurs at carrier concentrations between 10 to
1020 carriers per cm?, (as in some metals and semiconductors) where the material has
relatively high S and o, and low « [8]].

bottom-up chemical routes, such as solvothermal and hydrothermal, are
more commonly preferred for the preparation of nanostructured TE ma-
terials. Also, the possibility of scaling up the synthesis makes the chemi-
cal routes more attractive. However, when the synthesis is performed in
an autoclave, the reaction time differs from 4 to 48 hours, normally for
lower temperatures (around 150-180 °C) reaction time is longer (24-48 h)
[13lj22H24]l. Using a MW reactor in solvothermal or hydrothermal synthe-
sis, decreases the reaction time into minutes, which is more sustainable
and environmentally friendly [25,/26[]. Additionally, the rapid and homo-
geneous heating facilitates the control of particle shapes and sizes. This
economically viable heating method makes it possible to do large scale syn-
thesis of bulk nanomaterials.

In this thesis work, three different MW-assisted synthetic routes were
used for the preparation of TE materials. In Paper A, polyol method for the
preparation of binary and ternary Bi,_,Sb,Te; compounds, and in Paper
B, a comparison of hydrothermal and polyol routes for synthesis of Bi, Te,
has been reported. The synthesis of Sb,Te,, and Bi,Te, particles via ther-
molysis route is presented in Paper D, and Paper E, respectively. Further
details of the syntheses will be discussed in Chapter 2.
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1.3 Processing of TE materials

The bismuth antimony telluride (BiSbTe) bulk alloys are generally densified
from ball-milled powders via pre-pressing into pellets (cold pressing), or
using hot densification with pressure (hot pressing or spark plasma sinter-
ing) or without pressure (pressureless sintering) [16,28-31]]. In hot press-
ing process, temperature and pressure are applied simultaneously to the
powder compact contained in a die, and in cold pressing there is no heat-
ing but only pressure is applied. Pressureless sintering is also commonly
used where the powder is poured into a metal die and vibrated until it is
loosely compacted, then the die is placed into a furnace and the material
is sintered. The spark plasma sintering (SPS) is different from the other
methods since in this process a simultaneous application of pressure and
pulsed direct current is used to press the powder inside the die, between
two conducting punches. In Paper A and B, as-synthesized TE nanopow-
ders were consolidated via SPS method to obtain nanostructured bulk solid
materials in pellet form, and after SPS, the pellets were sintered and pol-
ished for further analysis.

In low dimensional materials, it is easier to control the material prop-
erties, such as composition and microstructure, that have high impact on
the TE properties. There are various techniques to prepare TE films such
as drop casting [24]], sputtering [32]], thermal evaporation [33]], Dr. blad-
ing [34[], and electrophoretic deposition (EPD) [35,/36]. When compared
to other techniques EPD is relatively cost effective since it does not re-
quire expensive equipment and infrastructure. It is a time-efficient pro-
cess where one can prepare films within minutes with many different ma-
terials and material combinations such as biomaterials [|37], polymers and
proteins [38]], graphene-based materials [39]], metal oxides [l40]], photocat-
alytic materials [41], and semiconductors [35]]. Also, EPD has the potential
to scale up the deposition area from microns to meters, and providing the
possibility to do film preparation on different geometries. The crystallinity
and composition of the deposited material is the same with bulk since there
are no chemical reactions occurring during EPD process. In Paper C, D and
E, the EPD technique is used to prepare TE films.

1.3.1 Spark Plasma Sintering (SPS)

Spark plasma sintering (SPS) is an unconventional sintering technique that
uses pulsed electric current to obtain nanostructured bulk solid materials.
The usage of current instead of conventional heating provides shorter sin-
tering times and lower temperatures, which minimizes the post-synthetic
crystal grain growth of nanoparticles [30}/31]. In conventional hot press-
ing, the temperature and pressure is applied to the whole die containing
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the powder, hence, the heating of the sample is slow and not homogeneous,
which is causing an increase in grain size and decrease in number of grain
boundaries. Applying direct current and pressure to the conducting die fa-
cilitates the sintering process, providing more homogeneous heating along
the sample, which minimizes the grain growth and increases the number
of grain boundaries that is essential for phonon scattering. Increasing the
phonon scattering at the grain boundaries is an effective method to reduce
the thermal conductivity of TE materials and increase their ZT values.

1.3.2 Electrophoretic Deposition (EPD)

The migration and separation of ions in a solution under the influence of
an applied electric field is defined as electrophoresis. Electrophoretic de-
position (EPD) is a method that uses electrophoresis to migrate and deposit
charged particles on to the surface of the oppositely charged electrode. In
an EPD setup, there are two electrodes partially placed in a conducting me-
dia containing the target particles, in which an electric field is applied from
a power source through the electrodes Figure The deposition can be
made directly onto the electrode or on a conductor/semiconductor sub-
strate that is attached to it, this electrode where the film is forming, can
be referred to as the working electrode (WE). The second electrode is the
counter electrode (CE) which is used to create the electric field. The parti-
cle deposition can be on either the positive or the negative electrode, which
is determined by the surface charge of the particles in the EPD media. The
details of the EPD process is presented in Chapter 3.

<= I

~N_

Figure 1.3. A schematic showing an EPD setup, black lines representing a container in
which an electrolyte is placed (shown in light gray). There are two electrodes partially
dipped in the electrolyte, blue one represents the glass-based working electrode and
dark gray is the stainless steel counter electrode, both of them are connected to a power

supply.
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1.4 Objectives

Thermoelectric devices have a vital role in waste heat recovery, but their
performances still need improvement, which can be achieved by using
nanostructured TE materials. The aim of this thesis work was to develop
a platform, which can be used to prepare nanostructured porous TE
films, where the effects of different molecular linkers, particle sizes and
morphologies, on the TE performance of the material can be investigated.
We develop fast, scalable and energy efficient methods to synthesize n-
and p-type Bi,_,Sb,Te; compounds with desired size, morphology and
surface chemistry. Also, study the effects of the solvents and precursors
used in the synthesis on the surface chemistry and TE properties of
the particles. The implementation and optimization of electrophoretic
deposition process for the preparation of porous nanostructured TE films,
controls the quality and quantity of the deposited films. We test organic
molecular linkers in porous TE films in order to improve the power factor.
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Chapter 2

Synthesis and material
characterization

Three different MW-assisted chemical routes have been established for the
synthesis of TE materials, in each section of this chapter an introduction of
the synthesis method and a summary of the results are presented.

2.1 Polyol synthesis (Paper A)

In organic chemistry, polyol is defined as an alcohol with multiple hydroxyl
groups. Chemically, the most basic polyol compound is ethylene glycol (EG)
which contains two -OH groups. In these types of molecules as the number
-OH groups increase, the boiling point, viscosity, and polarity of the com-
pound increases [|42]. Polyols are considered water-equivalent molecules
with high boiling points, since their solubility is very similar to water. Po-
larity of water is higher than the polyols but their lower polarity is compen-
sated by their superior chelating properties. Chelating molecules have the
ability to bind the metal ions, which is a beneficial material property for
controlling nucleation, particle growth and agglomeration, as polyols can
adhere on particle surfaces and act as colloidal stabilizers [42]]. Their high
boiling points are also critical for the colloidal stabilisation, as they allow
high reaction temperatures (200-320 °C) without the need of an autoclave
or application of high pressure [42]]. Liquid phase synthesis of crystalline
nanomaterials often requires high temperatures to avoid post-sintering of
the powders, since it can cause an uncontrolled crystal growth and agglom-
eration. All these advantages of the polyol method enabled the preparation
of high purity nanostructured binary and ternary metal chalcogenides, the
details of synthesis and material characterization is presented in Paper A.
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Bi,_,Sb,Te; compounds were prepared by tuning the material compo-
sition directly in EG solution without any requirement of post-processing.
Rapid and homogeneous heating of the MW reactor resulted in very short
reaction time (2 min) and high yield (>8 g per batch). Another advan-
tage of the MW heating was the controlled growth of Bi,  Sb Te; (x:0-
2) nanoplatelets with high crystallinity and phase purity that were char-
acterized with x-ray powder diffraction (XRPD). Crystal phases were an-
alyzed for both as-synthesized powders and sintered pellets. A rhombo-
hedral crystal structure with no impurities were observed in two n-type
(Bi,Te, and Bi; 4Sb, ,Te;) and two p-type (Sb,Te, and Bi,, ;Sb, ;Te;) com-
positions. Scanning electron microscopy (SEM) analyses showed hexago-
nal platelet morphology for all the different composition of particles, which
was in agreement with their rhombohedral crystal structures.

X-ray photoelectron spectroscopy (XPS) was used to study the surface
chemistry of the as-synthesized powders, where carbon residue and three
different metallic and oxide phases were identified; TeO,, Bi,O,, and
Sb,0,. The Bi,Te; and Sb,Te; samples had similar content of TeO,,
while the other oxide phases (Bi,O; and Sb,0;) changed in quantity
depending on the x value. The oxide content of the particle surface has an
influence on the surface charge, which can be measured with zeta potential
analysis. Formation of a net charge on the particle’s surface affects the ion
distribution at the interfacial area, which leads to a higher concentration
of counterions near the surface. When the surface charge is balanced by
the thin layer of counter ions at the surface, then the net charge becomes
zero, this point is called isoelectric point (IEP). The zeta potential of the
particles were measured as a function of pH, and the IEP was determined
for each composition. The synthesis method and surface stabilizers used
in the reaction determine the surface chemistry of the particles. The study
of changes in surface charge as a function of pH is an important indication
of colloidal stability of the materials.

2.2 Hydrothermal synthesis (Paper B, C and E)

Solvothermal and hydrothermal syntheses has been used for many decades
as a solution-based chemical route for material synthesis [43]]. Typically the
syntheses are conducted either in a sealed container, or in a high-pressure
autoclave under the solvent’s subcritical or supercritical conditions [43]]. In
the hydrothermal route, the chemical reaction takes place in an aqueous so-
lution above the boiling point of water. The selection of the synthetic route,
and solvents used in the reaction determine the crystallinity and phase pu-
rity of the particles [14,44]]. In Paper A and B, EG is used as a solvent in MW-
assisted polyol synthesis, which is an abundant, non-volatile, and low tox-



SYNTHESIS AND MATERIAL CHARACTERIZATION | 11

icity compound with low dielectric constant (37 at room temperature). In
hydrothermal route the solvent is water, which is the most environmentally
friendly material with high dielectric constant (78.5 at room temperature).
MW heating is based on the direct electromagnetic energy absorption of the
solvent and the conversion of this electromagnetic energy into heat [45].
This capability of energy conversion depends on the dielectric properties of
the material. MW-assisted synthesis reduces the reaction time by increas-
ing the overall reaction kinetics as a result of localized heating [46[]. The
superheating of the solvent can cause changes in its dielectric constant, for
instance, the dielectric constant of water decreases with increasing temper-
ature, around 200 °C it reduces to 30 [47,48]]. Lower dielectric values re-
veal a better capacity to absorb microwave energy, resulting in an efficient
way of heating the sample [45]]. Therefore, the combination of MW-assisted
heating and hydrothermal synthesis enables the development of a fast and
effective way of nanocrystal growth.

Bi,Te; nanoparticles (NPs) were synthesized via MW-assisted
hydrothermal and polyol methods, material properties of the end products
were compared and discussed in Paper B. Both syntheses were conducted
at 220 °C in 2 min and after cooling down, particles were washed and
dried. Using XRPD for the structural analysis of the as-made powders,
and pellets prepared via SPS, it has been found that from both syntheses,
particles with rhombohedral crystal structure were obtained. For the
surface analysis, XPS measurements were performed on as-synthesized
particles, and the results showed that due to the different precursor
and structure directing agents used in the synthetic methods, Bi and
C speciation was different on the particles’ surfaces. In polyol route,
Bi precursor prepared by dissolving BiCl; in EG (solvent and reducing
agent) then thioglycolic acid (C,H,0,S, TGA) was added to the mixture,
and for Te precursor, Te powder was mixed with trioctylphosphine
(Cy4H;, P, TOP). Carbon content in this sample was dominantly indexed
to C-O bonds that can be attributed to the conjugation of TGA to the NP
surface through sulfur atoms. In case of bismuth content, elemental Bi
was only found in oxide state in polyol sample, but the Te content was
similar in both samples that were in both metallic and oxide states. In
hydrothermal route precursors (BiCl; and Na,TeO,), shape directing
agent (ethylenediaminetetraacetic acid-C,,H,;4N,Og, EDTA) and reducing
agent, (sodiumborohydride-NaBH,) are mixed in one pot where water
was the solvent. The carbon speciation of the sample was mainly indexed
to C-O/C-N content, which can be a result of using EDTA as the surface
directing agent, as it is known to be a hexadentate ligand at pH above 10.
The Bi content of the sample consisted of both oxide and metallic states,
where the oxide had higher fraction than the metallic state.
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2.3 Thermal decomposition (thermolysis) (Paper D and E)

Thermal decomposition (thermolysis) is a synthesis method which
can be used for nanoparticle synthesis by dissolving metal-organic
compounds as precursor in high boiling point organic solvents, such as
oleylamine (C,3H;,N), oleic acid (C,3H;,0,, OA), and 1-octadecene
(C,3H44, ODE) [49-52]. Long alkyl chain groups in the metal-organic
compound are used as passivating ligands by covering the surface of the
crystal to prevent agglomeration [49,|51]. Unlike solvothermal method,
in thermolysis typically reaction temperature does not exceed the boiling
point of the organic solvent.

In Paper D, we presented the synthesis of Sb,Te; NPs via thermolysis,
the precursors were SbCl; and Te powder, combination of organics used as
solvents (OA, ODE and tributylphosphine-C,,H,,P, TBP), and TGA was the
shape directing agent. Reaction was conducted at 220 °C in 2 min in MW-
oven. After cooling down, particles were washed and dried at 60 °C under
vacuum. For the structural analysis of as-synthesized particles XRPD mea-
surements were done, where the diffraction pattern showed a crystalline
phase indexed to Sb,Te; rhombohedral crystal structure with no observa-
tion of additional peaks, indicating high purity of the material.

Surface chemistry of the as-made particles identified two different Te
phases, where the metallic phase had slightly higher fraction than the oxide
phase. For Sb content, again two phases were identified, metallic and oxide,
but Sb,04 had much lower fraction than the metallic phase. Microstructure
analysis was done with SEM, showing hexagonal platelet morphology and
intergrown particles. The successful control of the particle morphology is
achieved via the use of TGA as shape directing agent, which passivates the
lateral faces of the hexagonal platelets and leads the growth sideways. In
Paper E, Bi,Te; NPs prepared via thermal decomposition method was used
to prepare TE films. The synthesis was very similar to Sb,Te,, where the
Sb precursor is replaced with Bi precursor BiCl;. The rest of the proce-
dure followed was kept identical to Sb,Te, synthesis. XRPD analysis of the
as-made particles showed high purity crystalline phases indexed to Bi,Te,
with rhombohedral crystal structure.
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Chapter 3

Electrophoretic deposition of TE
materials

3.1 EPD set-up and substrates

In EPD experiments a Voltcraft CPPS-160-84 power supplier was used in
constant-voltage mode. Two electrodes, i.e. counter (CE) and working
(WE) electrode, were connected to the power supplier with alligator clips,
they were kept parallel to each other with a separation distance of 1.5 cm
(Figure[1.3). A glass beaker placed on a lab jack (stage) was used to con-
tain the EPD media (electrolyte). The bottom edges of the electrodes were
kept ~ 1 mm above the bottom of the glass beaker. Stainless steel sheets
were used as counter electrode. For working electrode two different de-
signs were tested, first one was a stainless steel electrode with a substrate
(Si wafer) attached to it using a Cu tape (Figure[3.1). The Si wafer being a
semiconductor, it was interrupting the transport property measurements
of the deposited TE films. To prevent this interruption we designed a glass-
based electrode which was fabricated via maskless photolithography.

Figure 3.1. Stainless steel electrodes; CE (+), and Si wafer shown in black was attached
to the WE (-) with a Cu tape.



14 | ELECTROPHORETIC DEPOSITION OF TE MATERIALS

3.1.1 Glass-based substrate preparation

The transport property measurements of the deposited films are very criti-
cal for the evaluation of the TE performances of the films. To be able to per-
form uninterrupted and reliable measurements an insulating substrate was
necessary, therefore, a glass-based electrode/substrate was designed and
fabricated via maskless photolithography. Soda lime photo mask blanks
(3x3x0.06 inch) coated with low reflective chrome and 0.53 um thick AZ
1500 positive photoresist layers were used. To transfer the pattern that is
designed in KLayout software, Advanced Maskless Aligner (MLA 150, Hei-
delberg Instruments) was used with an exposure dose of 140 mJ/cm?. Ex-
posure time was 30 min per mask blank when 10 pm wide lines were used
(Figure [3.2). Maskless photolithography was time- and energy-efficient
way to fabricate these microstructures, since there was no need for mask
preparation. When the positive photoresist was exposed to UV light with
a focused laser beam (A = 375 nm), the chemical structure of the resist
changes and becomes more soluble in the photoresist developer (Microp-
osit Developer MF 309) (Figure [3.3). Following the exposure, substrates
were developed for 1 min to remove the part of the resist that was exposed to
UV light, then etched for 40 s in chromium etchant to create the Cr pattern
and transferred into AZ 100 remover bath to clean all the remaining pho-
toresist (Figure|[3.3)). Between these steps sample was washed with MilliQ
water and dried with an air gun. Prior to EPD experiments glass-based elec-
trodes were cut into pieces with desired dimensions using a diamond pen,
and washed with acetone and distilled water.

- Crlines
-

Cu tape Glass

Figure 3.2. SEM images of Cr lines on glass, line width and separation is 10 um.
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Different line width and line separations were tested for the pattern de-
sign; 1, 2, 5, and 10 um wide Cr lines were exposed on the glass (Figure|3.4).
The aim of this test was to observe if it is possible to deposit particles con-
tinuously throughout the electrode, or whether the deposition will be only
on Cr lines and not on the glass. In all four different line widths, there were
homogeneous particle deposition. The 10 um wide lines were chosen for
the electrode design to be used in future experiments, since thinner lines
were more time consuming to fabricate via photolithography (Figure[3.2).

In EPD process, an electric field is necessary to migrate the charged
particles in the solution, hence, both electrodes has to be conducting. The
Cr lines fabricated on the glass electrode are not connected to each other,
which makes the electrode an insulator (Figure. To connect the lines a
Cu tape was attached at one end of the lines. An alligator clip, connected to
the power source, was placed on the Cu tape during EPD process. When the
deposition was completed, the tape was removed to disconnect the lines,
so that, the conductivity of the substrate does not interrupt the transport
property measurements. The results of the transport measurements will
be discussed in Chapter 4.

¢ ¢ ‘ ¢ ¢ # # UV exposure

Chromium layer

$ # ‘ # % $ $ Resist development

Chromium layer

‘ ‘ ¢ ‘ ¢ ¢ 4 Chromium etching

- — f===== Chromium pattern

VYV Y VYV Resistremoval

Chromium pattern

Figure 3.3. Glass electrode preparation steps via maskless photolithography; first
step is direct writing of the pattern on to substrate, then resist development to remove
parts of photoresist that was exposed to UV light. Next step is etching through the Cr
layer, and the last step is resist removal leaving a glass substrate with Cr pattern on it.
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10 pm

5pm

2 pm

Figure 3.4. SEM images of the deposited particles on glass substrates with various
line width and separation; from bottom to top, line width increases from 1 to 10 um.
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3.2 Optimization of EPD parameters

The quality of the films and the quantity of the deposited material depend
on many parameters, which can be divided into two groups; those related
to the EPD setup and those to the colloidal dispersion. Applied voltage,
inter-electrode distance, and deposition time are the parameters related to
the setup. Particle size, zeta potential and properties of the liquid media
(viscosity, dielectric constant, conductivity) are the parameters related to
the suspension. Strength of the applied electric field directly affects the
deposition yield. Application of higher potential shortens the deposition
time and increases the yield [|53]]. However, this doesn’t indicate that
stronger electric field improves the quality of the deposited film. It has
been reported that using moderate fields (25-100 V/cm) creates more
uniform films whereas using stronger fields lowers the film quality [54].
Particle deposition on the electrode surface is a kinetic phenomenon,
since the packing density of particles is affected by their accumulation
rate [|53]. The application of high electric field can cause a turbulence
in the electrolyte, the flow of surrounding liquid medium can disturb
the coating by affecting the particle movement [53]. Under constant
voltage and particle concentration, when the EPD duration increases,
at the beginning and the deposition rate increases after a while reaches
a plateau [53-55]. As the particles begin to deposit on the electrode
surface, an insulating layer starts to form and in time the thickness of the
deposited film increases, which deteriorates the electric field preventing
particle migration toward the oppositely charged electrode.

The effects of applied electric field and deposition time have been stud-
ied in Paper|C| By increasing the applied voltage from 70 to 80 V while keep-
ing deposition time and distance between electrodes constant, an increase
in film thickness was observed due to the increase in the amount of parti-
cles deposited on the electrode surface, i.e. deposition yield increased with
stronger electric field. To test the deposition time, the electric field strength
was kept constant while time increased from 3 to 4 min, and an increase in
deposited film thickness was observed since there wasn’t enough deposited
particles to form an insulating layer at the electrode surface. A smooth and
uniform Bi, Te, film is prepared with higher electric field strength and lower
deposition time (Figure|[3.5).

The second group of parameters define the stability of the colloidal sys-
tem. The main factors are particle size and surface properties, interparticle
interactions, and the interaction between particles and liquid media [56]].
There is a well-defined separation between dispersed particles and the sur-
rounding medium, and this interface determines the surface properties,
such as adsorption, surface charge and electrical double layer [56]. During
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Figure 3.5. SEM micrographs of Bi,Te; at different magnifications, the film was de-
posited at 80 V and 3 min.

the EPD process, to be able to prepare a homogeneous and smooth film, it
is essential that particles remain dispersed and stable in the solution [53].
Larger particles tend to settle down due to gravity and to prevent this, the
electrophoretic mobility of the particles have to be higher than the grav-
ity [53]. To have a good quality deposition with large particles either the
surface charge must be high or the thickness of the electrical double layer
must increase, otherwise using a sedimenting suspension for EPD process
will lead to a gradient in deposition, i.e. the film would be thinner on top
and thicker at the bottom [53]]. The interaction energy between dispersed
particles is determined by two mechanisms: electrostatic and van der Waals
forces [53]]. To avoid particle agglomeration, high electrostatic repulsion is
necessary so that particles in the solution can repel each other, which can be
obtained with high particle charge [53]. However, when the surface charge
is low then there is no force between the particles to prevent them from
coming together and agglomerating. Zeta potential analysis was used to
determine the surface charge of particles in a solution which can be con-
trolled with pH. The concentrations of solvents and additives plays a key
role in preparation of a stable suspension.

There are certain criteria to choose a proper liquid media for EPD;
there shouldn’t be a chemical reaction with the dispersed particles, but
it should be possible to generate charge on the particles surface and
finally, fast evaporation is to be avoided to prevent crack formation during
drying [41]. In Paper C, EPD films prepared in a solution of ethanol,
acetone and triethanolamine (TEA) are presented. Without the addition of
TEA, the films were drying very fast due to the evaporation rate of ethanol
and acetone. At first 0.05 vol/vol% of TEA is tested in 15 ml solution of
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ethanol (25 vol%) and acetone (75 vol%), particle deposition was observed
throughout the substrate but the film was drying in few seconds, which
caused a lot of cracks on the film (Figure (a)). By increasing the
amount of TEA in the solution to 0.1 vol/vol%, the drying slowed down
and the crack formation was eliminated (Figure (b)).

Figure 3.6. SEM micrographs of Bi,Te; films deposited at 50 V and 10 min. In the
image a) the crack formation due to the fast drying of deposition is visible and in b),
with the adjustment of TEA concentration in the EPD media, the film dried slower and
crack formation was eliminated.

The last key interaction to determine the colloidal stability is between
the particles and surrounding liquid media, and the parameters that affect
this interaction are dielectric constant, conductivity and viscosity of the sol-
vent(s). Electrophoretic mobility of the particles depends on these parame-
ters, and it can be measured with zeta potential analysis. By inserting mea-
sured values of mobility into Henry’s equation, zeta potential values can be
calculated: u=(2(sf(xa)/37n) where s the electrophoretic mobility, (is the
zeta potential,  is the dielectric constant of the solvent, 7 is the solvent vis-
cosity, and f(x«) is Henry’s function where « is the Debye length and « is
the particle radius [56}/57]. There are two approximations for f(x«), one of
them is the Smoluchowski approximation where f(xa)=1.5, this is used in
thin double layers and large particles (a>«) in aqueous systems [56]]. The
second one is the Hiickel approximation which is generally used for small
particles (a<x) in non-aqueous systems, since these systems have lower ¢,
meaning lower ionic concentration and thicker double layer region [[56].

Another solvent characteristic that affects the particle mobility is the
conductivity of the solvent, which depends on the charged species in the so-
lution (particles and ions), and the polarity of the solvent or of dispersant
additives [56]. In the EPD process polar solvents are not generally pre-
ferred due to their high ionic concentration and conductivity. For instance,
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using aqueous systems in EPD will cause redox reactions on the electrodes’
surface, increasing the number of ions in the solution, which hinders the
particle mobility and the reduces deposition yield. Thus, for electrophore-
sis, using solvents with moderate dielectric constant and conductivity is
much more advantageous. The last parameter is the viscosity. In Henry’s
equation we can see the inverse relation between the electrophoretic mobil-
ity and viscosity. An ideal EPD media should not have high viscosity, since
viscous forces would oppose the movement of charged particles, resulting
in low mobility. Deposition yield would be expected to be lower in high
viscosity solvents.

It is difficult to determine numerical values for the parameters affect-
ing the EPD process, since every particle and solvent system has different
interactions between them. The optimization study is unique for every sys-
tem and without understanding the effects of these interactions, control of
the deposited film quality would not be possible.
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Chapter 4

Transport property evaluation

In this Chapter, a short summary of the results from Papers A, B, C, D, and
E, regarding the transport property evaluation, are presented and briefly
discussed. Measurement setups and estimation process for transport prop-
erties are explained. The detailed analysis of the transport property mea-
surements of the TE materials can be found in the dedicated papers.

4.1 Bulk properties (Paper A and B)

Bulk characteristics of Bi, ,Sb,Te; (x:0-2) compounds (Paper A) and
Bi,Te, particles (Paper B), synthesized via polyol and hydrothermal route,
respectively, were studied. As-synthesized particles from each compound
were consolidated into a pellet form using SPS method, in a 15 mm
diameter die. Pellets of each compound were prepared under the same
conditions; 400 °C sintering temperature, 1 min holding time and 50 MPa
sintering pressure. The electrical conductivity (¢) and Seebeck coefficient
(S) of the pellets were measured simultaneously using an ULVAC-RIKO
ZEM3 system. The thermoelectric power factor (PF=S?c), was calculated
using S and o of the each compound. The total thermal conductivity
(k) was estimated with the following equation; x=C,ap where C, is the
specific heat capacity, « is the thermal diffusivity and p is the density. C,
was measured with differential scanning calorimetry (DSC), and the o was
measured with laser flash analysis system (LFA) by using disk shaped
samples with 12.6 mm diameter and 2 mm thickness. p is calculated using
Archimedes method; p=m/V where m is the mass and V is the volume of
the pellet. The figure of merit (ZT) was estimated via ZT =(S? ¢T)/x for
each compound.
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In Paper A, the transport property measurements were done at the tem-
perature range of 300-523 K for each compound. S is the key parameter to
determine the transport characteristics of materials (n- or p-type), mea-
surements showed negative S for Bi,Te; and Bi, 4Sb, ,Te; compounds, re-
vealing the n-type properties of the materials (Table 4.1). The positive val-
ues of S obtained from Bi, ;Sb, ;Te; and Sb,Te; compounds proven the
p-type character of these materials (Table 4.1). The measurements showed
that in Bi-rich ternary compounds, the majority of charge carriers are elec-
trons, while in Sb-rich compounds charge carriers are holes. These re-
sults indicate that by adjusting the initial ratio of precursor materials in
MW-assisted chemical synthesis, it is possible to produce n- and p-type
BiSbTe compounds without the necessity of additional stabilizers or post-
processing [25]].

Table 4.1. The results of transport property measurements done at the temperatures
where each compound had their highest ZT values.

Sample T (K) k (W/Km) | S (uV/K) o (S/cm)
Bi,Te,q 440 0.87 -159 8oo
Bi, ;Sb, ,Te; 523 1.05 -129 1047
Bi, ;Sb, ;Te, 523 0.46 +157 275
Sb,Te, 523 0.84 +152 942

The lower o of Bi,Te; compared to Sb,Te, is a result of the intrinsi-
cally small band gap (E,) of Bi,Te;, which is around 0.13 eV, and 0.28
eV for Sb,Te, [58,/59]. Doping Bi,Te; with Sb widens E, which is a way
of optimizing the carrier concentration and introducing strong point de-
fect scattering of phonons. However, due to the differences in micro- and
nanostructures of these compounds it is difficult to make direct compar-
isons of the transport properties. There is an inherent restriction to Sh-
doping, since Sb-Te bond has lower polarity compared to the Bi-Te bond,
the antisite defects are more severe in Sb,Te, lattice [|60]. These intrinsic
point defects contribute to the charge carriers, and too many of these de-
fects can lead to a reduction in S and an increase in o and «, [60,/61]. On
the other hand, an effective way of reducing «, is the introduction of more
and diverse phonon scattering agents in the crystal, since phonons have a
wide spectrum of frequency and wavelength [61]]. Above room tempera-
ture, intrinsic point defects are very effective scattering centers because the
average wavelength of phonons reduces at elevated temperatures [61]. To
conclude, doping BiSbTe compounds with either Bi or Sb allows the tuning
of transport properties through the changes in E , carrier type and concen-
tration, and introduction of defects [[9}/60,/61]. The ZT obtained from each
compound are promising for TE conversion (Table 4.2).
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Table 4.2. A summary of the highest ZT obtained from each compound together with
the temperatures and corresponding PF values.

Sample T (K) PF ZT
(MW/K?cm)

Bi,Te, 440 16.52 1.04
Bi, Sb, ,Tey 523 15.72 0.87
Bi, - Sb, ;Te, 523 4.41 0.76

Sb,Tey 523 25.37 1.37

In Paper B, the transport property measurements were done at the tem-
perature range of 298-525 K for Bi, Te; particles synthesized via hydrother-
mal and polyol routes. The measurement results are summarized in Table
4.3 and 4.4. The negative S values measured for both samples revealed the
n-type transport properties of the materials. In polyol sample, S increases
with increasing temperature while the hydro sample does not show a strong
dependence on temperature. On the other hand, o of the hydro-sample de-
creased more drastically with increasing temperature when compared to
the polyol-sample. The overall reduction observed in the electrical conduc-
tivity with increasing temperature is a typical behaviour of heavily doped
semiconductors and metals (Table 4.3). The electronic transport proper-
ties are strongly correlated to carrier concentration, microstructure, defects
and scattering events. The microstructure of these samples are different
from each other, for example the hydro-sample has larger layered structure
and the crystallite size is bigger than the polyol-sample [26]]. These can be
the reasons for the different electronic properties of these two samples with
the same composition.

Table 4.3. A summary of transport property measurements done at temperatures 373
and 473 K, on sintered pellets of Bi,Te; particles synthesized via hydrothermal and
polyol methods.

Sample T (K) kx (W/Km) | S (uV/K) o (S/cm)
Bi,Te,- 373 0.9 -149 960
Hydro 473 1.16 -142 666
Bi,Te;- 373 0.86 -148 929
Polyol 473 0.9 -162 758

 of both samples had a decreasing trend first and then increased with
increasing temperature, but in the hydro sample the total increase was
more drastic than the polyol-compound. The heat flow is carried by a
variety of phonons with different wavelengths and mean free paths (from
around 1 nm to 10 um) creating a need for phonon scattering agents with
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different lengths [8]]. Therefore, to obtain an efficient phonon scattering
throughout the spectrum, nanostructures at different length scales can be
used. The two different trends observed in « of the samples can be a result
of the differences in nanostructure of these materials. The slight variation
between the calculated ZT is a result of samples displaying a maximum PF
and a minimum & at different temperatures.

Table 4.4. The estimation of power factor (PF) and ZT at 373 and 473 K are presented
for both samples.

Sample T (K) PF ZT
(MW/K?cm)

Bi,Te,- 373 21.31 0.88

Hydro 473 13.36 0.54

Bi,Te,- 373 20.36 0.88

Polyol 473 19.84 1.03

The development of these time and energy efficient synthetic routes en-
abled the production of particles with high purity and promising transport
properties. Next step was to use these as-made compounds in EPD process
to prepare porous TE films.

4.2 EPD film properties (Paper C, D and E)

Electronic transport properties of the nanostructured EPD films of Bi,Te,
and Sb,Te, particles were evaluated via the measurement of S and resis-
tance with a two-probe measurement setup shown in Figure followed
by the calculation of electrical conductivity and power factor of the sam-
ples. The film was placed on two separate Cu blocks, where one of them
was heated with a Peltier module and the second one was kept at room tem-
perature. S was measured through the integral method, the temperature of
the hot side (T},) of the sample was gradually increased to reach a gradi-
ent of 25-30 °C. The generated Seebeck potential between the two ends of
the sample was continuously recorded with a source meter. By plotting the
potential generated (AV) as a function of the temperature gradient (AT), a
linear distribution was obtained, and S was estimated from the slope of the
distribution: S=AV/AT. The resistance (R) also measured as a function of
temperature, and o was estimated from R by using the geometrical param-
eters of the EPD films; R=l/Ac, where [ is the distance between the silver
contacts, A is the cross-sectional area, i.e. width multiplied by the thick-
ness of the deposited film. The transport measurements of the EPD films
were performed perpendicular to the Cr lines on the substrate to avoid any
interruption from the metallic pattern.
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Figure 4.1. A sketch showing the transport property measurement setup where EPD
film (light gray) deposited on a glass substrate (light blue) with Cr pattern, placed on
two Cu blocks. One side of the film is heated via a Peltier module while the temperature
of the other end kept at room temperature. Silver (Ag) contacts placed partially on EPD
film and partially on the substrate, and the measurement probes were placed on these
Ag contacts.

The new design of glass-based substrate with 10 um line width and sepa-
ration distance (Figure[3.2) was tested in several steps to ensure that there is
no interference during transport measurements (Figure[4.2). First step was
to measure the glass substrate with metallic pattern alone, where an open-
circuit behaviour was observed. For the second step, two glass substrates
were spin coated; one with 1,6-Hexanedithiol (HDT) and the other with 1-
Dodecanethiol (DDT). The electronic transport properties were measured
when the coatings were fully dried, and again the results showed open-
circuit behaviour. The third step was measuring the EPD films on glass
substrate without any molecular linkers. The open-circuit behaviour con-
tinued, which was expected from the EPD films due to their porous struc-
ture and the high oxide content at the particles’ surface. For the fourth step,
the EPD films on glass were spin coated with either HDT or DDT, and mea-
sured when fully dried. After the addition of these thiol-containing organic
molecules, the resistance of the deposited TE films decreased drastically,
due to the improved interconnection between particles (Figure[4.3). There
has been several studies on using thiol molecules as surface exchange lig-
ands to reduce the oxide layers on nanoparticles and nanowires [62,/63].
Sreeprasad et al. tested different thiol molecules on Te nanowires with
TeO, layer on the surface, and reported a redox reaction taking place on
the particle surface, i.e. the reduction of TeO, to Te(0) .

In Paper C, the effect of HDT as a molecular linker is tested on various
EPD film thicknesses consisting of Bi,Te, particles synthesized via the hy-
drothermal route. As-made EPD films showed open-circuit behavior before
the addition of thiol linkers, and after the spin coating with HDT, the val-
ues dropped to the range of 14-17 k), which was attributed to the improved
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Figure 4.2. Sketch showing the transport measurement steps for the newly designed
patterned glass; (1) glass substrate (in blue) with Cr patterned lines (in dark gray); (2)
Glass substrate spin coated with HDT or DDT; (3) electrophoretically deposited Bi, Tes
or Sb,Te; particles on glass, and (4) HDT or DDT coated EPD film on glass [64].

interconnection between the particles. The sample with thickness of 25-30
um had a resistance around 11-13 k2, and the S was in the range of -165
to -180 pV/K which are shown in Figure [4.4[a) and (b), respectively. The
resistance linearly drops from 13 to 11.7 k2 with the increase in T}, to 323 K
(50 °C, at AT=25 K), revealing the temperature activated transport behav-
ior of semiconductors. In Paper E, Bi,Te; particles synthesized via ther-
molysis route were used to prepare the TE films, in which HDT and DDT
molecules were tested. The resistance of the films which were spin coated
with HDT was around 1-2 k{2, and S around -150 uV/K, shown in Figure
[4.4(a) and (b). Upon creation of a temperature gradient along the films of
Bi, Te, particles, prepared via hydrothermal and thermolysis routes, devel-
opment of negative Seebeck voltage has been observed, revealing the n-type
transport properties as expected from Bi,Te; particles (Figure b)). The
difference in resistance for these two samples is attributed to the particles’
surface chemistry which is a result of different precursors, solvents and syn-
thesis methods used in the material preparation.

P

\—/,
S,
HDT molecules DDT molecules\l——/

Figure 4.3. The interaction of molecular linkers; HDT and DDT with TE particles.
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Figure 4.4. The resistance (a), Seebeck coefficient (b), estimated electrical conductiv-
ity o (c), and power factor PF (d) for EPD films of Bi,Te; particles synthesized through
hydrothermal and thermolysis routes.

In Paper D, Sb,Te, particles synthesized via thermolysis were used to
prepare TE films and the effects of HDT and DDT on electronic transport
properties were evaluated (Figure [4.5). The sample coated with HDT
was measured at the temperature range of 295-316 K (AT=21 K), the
sample with DDT measured at higher temperature gradient to observe the
trends in AT=31 K (295-326 K). The resistance of HDT containing sample
decreased from 628 to 607 ) with increasing temperature. S was in the
range of 176-185 uV/K which was recorded continuously during heating
and cooling, hence, the loop trend is observed for this sample proving the
stability of the film (Figure[4.5(b)). The resistance of the DDT coated film
decreased from 488 to 475 2 and S decreased from 189 to 168 uV/K. The
reducing trend in resistance with increasing temperature observed in both
films is a typical behaviour of semiconductors. The positive values of S
proved the p-type transport character of the Sb,Te; films. The electronic
transport properties of the two samples were similar, and the slight
differences in S can be attributed to the dissimilarities in microstructure.
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Figure 4.5. The resistance (a), Seebeck coefficient (b), estimated electrical conduc-
tivity o (c), and power factor PF (d) done on EPD films of Sb,Te; particles synthesized
through thermolysis route. The films were spin coated with HDT or DDT.

The difficulty in precise estimation of the thickness, porosity, and pack-
ing density of these porous EPD films, makes it challenging to calculate
the power factor accurately. To have a better understanding of TE perfor-
mance of the films, the maximum generated power (P) is calculated with
the equation P=V?2/R, where measured voltage (V) and resistance (R) val-
ues are used. An example of this evaluation is presented in Figure[4.6lwhere
Sb,Te, films coated with HDT and DDT were used. The sample with HDT
was measured continuously at the temperature range of 295-316 K (AT=21
K), the V and R recorded during both heating and cooling (Figure [4.6(a)).
The dimensions of this film was 1.3x1.8 ecm and thickness was around 25
um. At AT=21 K, estimated power was 23 nW, and at AT=20 K it was 19
nW. The sample with DDT was measured continuously at the temperature
range of 295-326 K (AT=31 K) to observe the trend at higher temperatures,
and the V and R recorded only during heating process (Figure[4.6(b)). Film
dimensions was 1.4x1.7 cm and thickness was around 30 um. At AT=31K,
estimated power was 58 nW, and at AT=20 it was 24 nW. The similarity
between the samples can be observed by comparing P at AT=20 K.
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Figure 4.6. The estimation of generated power as a function of temperature difference
between the hot and cold side of the Sb,Te, film (a), HDT used as the linker (b), DDT
was the linker.

In order to make a TE device n- and p-type films should be connected to
form a p-n junction. The power estimations done for the EPD films resulted
in power generation in the range of 1-100 nW, and this range can be referred
to as ultra-low-power (ULP). With the coming age of the internet of things
(IoT), demand for ULP receivers will continue to increase drastically [[65]].
The IoT can be defined as a network of physical devices embedded with
sensors, software and network connectivity, which enables them to collect
and share data. These are known as smart devices/objects such as, smart
home appliances, and wearables like smart watches. Wireless sensor net-
works can transmit, receive, and log remote data signals from a broad range
of sensors and efficient wireless connectivity is a key requirement for IoT
applications [65]]. There are wireless data loggers called piconodes which
can collect data from various sensors and transmit the data with radio fre-
quency to a gateway connected to internet [65}/66]]. Piconodes require ULP
consumption to extend the time between battery charging or eliminate the
battery usage [[66]. These data loggers are compatible with various sen-
sors and can be used in areas such as smart home devices or integrated
patient monitoring systems [[66]]. TE generators perform well for harvest-
ing energy at high temperature differences but for sensors and IoT appli-
cations there is need for generators that can operate at low temperature
differences [|67]. The results of this thesis work showed promising results
for building TE modules consisting of electrophoretically deposited Bi,Te,
and Sb,Te; films that might be used to harvest energy at low temperature
differences and generate ULP for some sensing applications.
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Chapter 5

Conclusions and outlook

Smart devices we encounter in almost every aspect of our lives motivate
research on improving the efficiency of near-room temperature power gen-
erators. Thermoelectrics have some advantages for the applications in this
area, such as their lack of noise, moving parts, and no need for regular main-
tenance. And with the developments in nanotechnology, it is now possible
to optimize the synthesis and processing of thermoelectric materials to im-
prove their performances at desired temperature ranges. It is equally im-
portant to convert these processes into more environmental-friendly, and
time- and energy-efficient routes.

In this thesis, a platform has been developed starting from the synthe-
sis of n- and p-type Bi,_ ,Sb,Te; (x:0-2) compounds, followed by the as-
sembly of as-made particles into pellets and porous films which enabled
to study the effects of interfaces/additives on the thermoelectric perfor-
mance of the films. Three different microwave-assisted synthetic routes
have been developed for material synthesis in a matter of few minutes, pro-
viding a good control over the particle size, morphology and surface chem-
istry. As-synthesized particles were consolidated into pellet form via spark
plasma sintering, which allowed high compaction densities while keeping
the nano-sized structures of the material. The study of bulk characteristics
showed consistently low thermal conductivities as a result of nanostructur-
ing of the thermoelectric materials, where the different length scale of these
structures acted as phonon scattering centers. The nanostructured thermo-
electric materials showed improvements on the figure of merit compared to
the literature.

Then, electrophoretic deposition (EPD) was implemented for the prepa-
ration of porous nanostructured thermoelectric films. Different formula-
tions of electrolytes, electrodes and substrates were evaluated and opti-
mized to obtain the desired film quality. A newly designed glass-based elec-
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trode was used as the substrate for the deposition of thermoelectric par-
ticles, which prevented possible interruptions from the metallic substrate
during transport property measurements. With this new design of the sub-
strate it was possible to estimate the power factor of the deposited mate-
rial. As-made thermoelectric films prepared via EPD in a few minutes with
various thicknesses showed high resistance values, which was attributed to
the high interfacial resistance due to the oxide layers on the particles’ sur-
face. After using thiolated organic molecules as additives, the resistance
was decreased drastically as a result of improved interconnection between
the particles. The promising results obtained from the generated power cal-
culations created the possibility of using EPD films in thermoelectric gen-
erators.

The platform developed here enables the investigation of effects of par-
ticle size, morphology and molecular linkers on transport properties, which
helps to identify the best performing film formulation for specific material
compositions. The porous structure of the EPD films also allows the study
of ionic liquids and conducting polymers to improve the power factor of the
materials.
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Summary of papers

Paper A: Facile solution synthesis, processing and characterization
of n-and p-type binary and ternary Bi-Sb tellurides

Using microwave-assisted polyol synthesis, large batches of n- and p-type
Bi,_,Sb,Te; (x:0-2) alloys were synthesized in 2 minutes with over 90%
yield. As-made powders exhibit high crystallinity, phase purity, and hexag-
onal platelet morphology which analyzed via XRPD and SEM. Surface com-
position and colloidal stability of the particles studied with XPS and zeta
potential. Binary and ternary metal chalcogenides consolidated via SPS
method and thermoelectric performances of the pellets were evaluated.

Paper B: Minute-made, high-efficiency nanostructured Bi,Te; via
high-throughput green solution chemical synthesis

Microwave-assisted hydrothermal and polyol methods used to prepare
Bi,Te; nanoparticles. The effects of the synthesis route and solvent
selection on physicochemical and transport properties were discussed.
As-synthesized particles made with both methods were compared in terms
of phase purity, crystallinity and microstructure by using XRPD and SEM.
The surface analysis of the particles was done with XPS and zeta potential
which showed differences in surface composition due to the precursor
and solvent selection of different synthesis routes. The Bi,Te; particles
were consolidated via SPS into pallet forms and their thermoelectric
performances were evaluated.

Paper C: On the electrophoretic deposition of Bi,Te; nanoparticles
through electrolyte optimization and substrate design

Bi2Te3 nanoparticles synthesized using microwave-assisted hydrothermal
route, which were used to prepare thermoelectric films via electrophoretic
deposition. A special glass-based substrate was designed and fabricated
using maskless photolithography, to evaluate the electronic transport prop-
erties of the thermoelectric films without the interference of the substrate.
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As-made EPD films showed high resistivity, due to the surface oxide layer
and capping ligands. After the addition of a dithiol molecular linker, the re-
sistance was significantly reduced. Electrolyte composition was optimized
for high mobility of the suspended nanoparticles, and Bi,Te; films were
prepared with high deposition rate, reaching 10 ym/min.

Paper D: Electrophoretic assembly and electronic transport proper-
ties of rapidly synthesised Sb,Te; nanoparticles

Thermolysis route with microwave-assisted heating was used to
prepare Sb,Te, particles. XRPD analysis of as-synthesized particles
showed high-phase purity and with rhombohedral crystal structure.
Microstructure analysis via SEM showed hexagonal platelet morphology,
and some intergrown nanoparticles. Electrophoretic deposition process
used to prepare thermoelectric films of Sb,Te; particles, and the
evaluation of electronic transport properties of the films showed high
resistance. The effects of two type of molecular linkers, single thiol and
dithiol, on transport properties were investigated. Changes in surface
chemistry with the addition of organic molecules analyzed via XPS.

Paper E: Electrophoretic deposition and characterization of Bi,Te,
synthesized through hydrothermal and thermolysis routes

Bi,Te; particles with high phase purity was synthesized using thermolysis
and hydrothermal routes. As-made particles used to prepare EPD films un-
der <3 min deposition time. Microstructure analysis of the thermoelectric
films done via SEM, which showed platelet morphology of the particles and
porous structure of the films. Surface chemistry of the deposited particles
analyzed via XPS after the addition of thiolated organic molecules. Elec-
tronic properties of the electrophoretically deposited films were measured
and the effects of the synthesis routes and additives were discussed.
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