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ABSTRACT

EFFECT OF GRAIN BOUNDARY & INTERFACE MODIFICATION ON
THERMOELECTRIC PROPERTIES AT HIGH TEMPERATURE

Pinar KAYA

Department of Materials Science and Engineering
Anadolu University, Graduate School of Sciences, July, 2017
Physical Chemistry of Solids
Max Planck Institute Solid State Research, July, 2017

Supervisor: Prof. Dr. Servet TURAN
Co-Supervisor: Prof. Dr. Joachim MAIER

Thermoelectric (TE) power generation is considered to be one most promising
emerging clean energy technologies for harvesting electricity from heat without
producing any direct emission of greenhouse gases. The conversion efficiency of a TE
material is quantified by a dimensionless quantity called figure of merit, ZT = o?To/k. A
large ZT value corresponds to a TE material with high conversion efficiency, meaning
that the TE material is characterized by high Seebeck coefficient (a), high electrical
conductivity (o) and low thermal conductivity (k). Owing to the tight interrelation
between these three physical properties only very few materials currently satisfy these
conditions.

New approaches suggested for further understanding the role of surfaces and
interfaces on transport properties open new ways to design materials with enhanced
properties and new functionalities. Additionally, the need for fundamental
understanding of material properties is as equally important as the ability to develop
scalable and inexpensive manufacturing process.

It is known that the electrical transport and thermoelectric properties along grain
boundaries and interfaces can be improved or depressed, even by several orders of
magnitudes. Therefore, microstructural design particularly of interfaces can be crucial
for improving the thermoelectric functionality. From this point of view, in this thesis
electric transport properties, Seebeck coefficient and thermal conductivity of oxynitride
(SIAION), carbide (SiC) and oxide (SrTiOs, La,CuQOs, LaNiO3z) based materials have
been investigated by modifying interfaces at the micro, nano and atomic scale. It is
found that segregated network approach can improve ZT unusually, La decoration
tailored the electrical conductivity whilst multilayer approach is useful for tuning
transport properties.

Keywords: Thermoelectricity, microstructural design, interfaces, grain boundaries,
defect chemistry



OZET

EFFECT OF GRAIN BOUNDARY & INTERFACE MODIFICATION ON
THERMOELECTRIC PROPERTIES AT HIGH TEMPERATURE

Pinar KAYA

Malzeme Bilimi ve Miihendisligi Anabilim Dali
Anadolu Universitesi, Fen Bilimleri Enstitiisti, Temmuz, 2017

Max Planck Enstitusu, Physical Chemistry of Solids Bolumu, Temmuz, 2017

Birinci Danigman: Prof. Dr. Servet TURAN
ikinci Danigman: Prof. Dr. Joachim MAIER

Gunumuzde, termoelektrik (TE) enerji Uretimi teknolojisi, dogal i1s1 kaynaklarindan
enerji eldesi icin en umut verici yontemlerden biri olarak kabul edilir. Termoelektrik (TE)
olay kisaca, 1sI enerjisinin dogrudan elektrik enerjisine doénlsmesi (termoelektrik
jenerator), ya da tersi olarak, elektrik enerjisinin sicaklik farkina neden olmasi
(termoelektrik sogutucu) olarak ifade edilebilir. Bir TE cihazin verimliligi, “figure of merit”
olarak bilinen boyutsuz ZT parametresine baglidir.

Yizeylerin ve arayuzlerin iletim 6zellikleri Uzerindeki rolinu daha iyi anlamak igin
Onerilen yeni yaklagimlar, yeni ve gelistiriimis ozelliklere sahip malzemeler dizayn
etmek icin yeni yollar agarlar. Ayrica, malzemelerin temel &zelliklerinin anlagiimasi
gereksinimi, bu ylUksek performansli malzemelerden udrlinler ve cihazlar geligtirmek
amaciyla pahali olmayan Uretim yéntemleri gelistirmek kadar énemlidir.

Tane sinirlari ve arayuzler boyunca elektriksel iletkenligin bir ka¢ kat
geligtirilebilecedi ve engellenebilecegdi bilinmektedir. Bu nedenle mikroyapisal dizayn,
Ozellile tane sinirlari ve arayuzlerin dizayni istenilen dzelliklerin iyilestirilmesi igin dnemli
olmaktadir. Bu bakis agisiyla bu tez kapsaminda oksinitrir (SiAION), karbur (SiC) ve
oksit esasli malzemelerin (SrTiOs, La,CuQOa, LaNiOs) mikro, nano ve atomik dlgtde
arayuzlerin dizayninin transport 6zelliklerine etkisi incelenmistir. Mikro seviyede ZT
parametresini arttirmak icin alternatif bir yontem onerilmis ve klasik kompozit
yontemlerine gore 140 kat daha fazla ZT parametresi elde edilmistir. Nano seviyede
SrTiOz malzemesine La dekorasyonu, tane boyutu etkisi ve sinterleme atmosferinin
thermoelektrik 6zellikler tzerindeki etkisi incelenmigtir. Atomik seviyede ise tabaka
kalinhd1 ve oksijen iceriginin La,CuOs-LaNiOs; cok katmanli yapilarin termoelektrik
Ozelliklerine etkisi arastirilmigtir.

Anahtar Soézcukler: Termoelektrik, mikroyapisal dizayn, araylzler, tane sinirlari, kusur
kimyasi
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THERMOELEKTRISCHEN EIGENSCHAFTEN BEI HOHEN TEMPERATUREN

Pinar KAYA
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Physikalische Festkorperchemie
Max-Planck-Institut fur Festkdrperforschung, Juli, 2017

Supervisor: Prof. Dr. Servet TURAN
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Thermoelektrische (TE) Energieerzeugung wird als eine der
vielversprechendsten sauberen Energietechnologien angesehen um Elektrizitat aus
Warme zu gewinnen, ohne jegliche direkte Emission von Treibhausgasen. Der
Umwandlungswirkungsgrad eines TE-Materials wird mit der dimensionslosen Grof3e
ZT = o?Tao/k quantifiziert, die Leistungszahl genannt wird. Ein hoher ZT-Wert entspricht
einem TE-Material mit hohem Umwandlungswirkungsgrad, was bedeutet, dass das TE-
Material durch einen hohen Seebeck-Koeffizienten (a), eine hohe elektrische
Leitfahigkeit (o) und einen geringe thermische Leitfahigkeit (k) charakterisiert ist.
Aufgrund der wechselseitigen Beziehung zwischen diesen drei physikalischen Grdf3en
erfullen momentan nur sehr wenige Materialien diese Bedingungen gleichzeitig.

Neue Ansatze wurden vorgeschlagen um ein tieferes Verstandnis der Rolle von
Oberflachen und Grenzflachen hinsichtlich der Transporteigenschaften zu gewinnen
und um neue Wege fir das Konstruieren von Materialien mit verbesserten
Eigeneschaften und Funktionalitdten zu ertffnen. Darliber hinaus ist ein fundamentales
Verstandnis von Materialeigenschaften genauso wichtig wie das Vermdgen skalierbare
und kostengiinstige Herstellungsprozesse zu entwickeln, mit dem Ziel aus diesen
Hochleistungsmaterialien Bauelemente und Produkte zu entwickeln.

Es ist bekannt, dass der elektrische Transport und die thermoelektrischen
Eigenschaften entlang von Korngrenzen wund Grenzflachen um mehrere
GroRRenordnungen verbessert oder abgeschwacht werden kann. Folglich kann
insbesondere das mikrostrukturelle Design von Grenzflachen ausschlaggebend sein,
um die thermoelektrische Funktionalitat zu verbessern. Unter diesem Gesichtspunkt
werden in der vorliegenden Doktorarbeit elektrische Transporteigenschaften, der
Seebeck-Koeffizient und die thermische Leitféahigkeit von Oxynitrid (SIAION), Carbid
(SIiC) und Oxid (SrTiOs, La,CuO., LaNiOs) basierten Materialien untersucht, indem
Grenzflachen auf der mikro, nano und atomaren Skala modifiziert wurden.

Schlagworte: Thermoelektrizitéat, mikrostrukturelles Design, Grenzflachen,
Korngrenzen, defektchemie
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1. INTRODUCTION AND THEORETICAL BACKGROUND
1.1. Interfaces and Interface Effects

The structure and properties of interfaces influence almost all properties of
materials. An interface is the cutting plane between two dissimilarly oriented perfect
crystals and/or between two chemically different crystals. In other words, an interface is
a crystallographic or chemical discontinuity. In terms of crystal structure and chemistry
of adjacent crystals, interfaces can be classified into homophase and heterophase
boundaries [1]. Homophase boundaries form between grains of identical crystal
structure and composition but different orientation, e.g., grain boundaries. On the other
hand heterophase boundaries form between regions of different crystal structure and/or
chemical composition, e.g., interphase boundaries [2-5].

A grain boundary in a solid crystalline material is a region separating two parts
(grains) of the same phase. These two grains differ in mutual orientations and the grain
boundary thus represents a transition region, where the atoms are shifted from their
regular positions as compared to the crystal interior [6-8]. Thus grain boundaries
represent the decisive 2-dimensional defects in polycrystalline materials and can act as
sources and sinks for vacancies at high temperatures. Due to the broken lattice
symmetry, grain interior and grain boundaries are charged differently to ensure
electroneutrality. As electrical conductivity depends on both the density and the mobility
of the charge carriers in a material the local charge changes cause rearrangements of
the mobile defects and form space charge layers. Whether such core effects or space-
charge effects are important for the transport depends on the parameters of the
materials and the current direction. In nanosized electrical conduction properties may
drastically change due to the fact that boundary properties surpass the bulk and
interfaces are so closely spaced that their influence on the overall properties of the
material can be significant, if not predominant.

Defect chemistry is the key to the understanding of the ionic and electronic
transport properties of solids. Understanding the effect of reduction in grain size on
electrical conductivity and effect of redistribution of interfaces not only grain boundaries
but also interphase boundaries allow the elucidation of defect chemistry on boundary
layers [9—14]. Tschope et. al. reported that the grain size of nano-crystalline CeO; has
a significant impact on the magnitude and activation energy of electrical conductivity
and described the effects by a model, which takes into account space charge layers

along grain boundaries [15]. Kim et. al. showed that undoped CeO, changes its
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conduction mechanism from ionic to electronic when the grain size is reduced [16]. The
striking result on the transition from macroscopic to mesoscopic nano-crystalline SrTiO3
has been reported by Lupetin et. al [17].

An impressive example of true size effect on an interface boundary is epitaxially
grown ionic heterolayers of CaF,/BaF. which show increased ionic conductivity with
decreasing layer thickness [18]. Another example is represented by Gilardi [19], in
Y.Zr,0O; based heterostructures, enhanced interfacial conductance between film and
substrate occurs due to the increase of the mobile charge carrier concentration (owing
to space charge effects) and their improved mobility.

1.2. Thermoelectric Phenomena

Thermoelectric (TE) power generation is based on the Seebeck effect, the
phenomenon that an electromotive force (voltage) develops when a material is
exposed to a temperature gradient. The thermoelectric effect was discovered by
Thomas Seebeck in 1821 by noticing a potential difference between two ends of a
metal bar when the metal bar is placed in the temperature gradient along its length.
The same phenomenon was discovered later for a closed loop of two dissimilar metals
in the presence of a temperature difference between the junctions as shown in Figure
1.1.

Hot

+

T

Voltage

1

Cold

Figure 1.1 Seebeck Effect

The Seebeck-coefficient describes the relation between an electrical current
voltage generated by a temperature gradient. In the presence of temperature
difference, charge carriers (electrons or holes) tend to diffuse from the hot side to the
cold side, hence, creating an internal electric field and building up a thermoelectric
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voltage. The internal electric field thus developed opposes the further movement of
charge carriers to the cold side when there is an equal amount of charge carriers
diffusing back to the hot side. At the equilibrium stage, an increase in the temperature
difference is needed to resume the transfer of charge carriers to the cold end to further
increase the thermoelectric voltage. The potential difference V = (Ag), across the
sample caused by the temperature difference AT is directly proportional to AT und

connected via the Seebeck-coefficient a (Equation 1.1).
V =(Ap) = —a AT (1.1)

The inversion of the Seebeck-effect is the Peltier effect named after Jean
Peltier who first observed this phenomenon in 1834. When an electric current pass
through junctions of two dissimilar materials such as metals or semiconductors, heat
will be absorbed at one junction and cooling will be developed at the other junction as

shown in Figure 1.2.

Cold Heat Flow

Hot

Figure 1.2 Peltier effect

In contrast to the Seebeck-effect, which also emerges in an open circuit, the
Peltier-effect is only present in a closed conductor ring. The ratio between the induced
current | and the transported heat Q is expressed by the Peltier-coefficient /71 and the
following expression

Q=1"1 (1.2))

The third thermoelectric effect is called Thomson effect, named after William

Thomson in 1851. Every current carrying conductor when subjected to a temperature
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gradient absorbs or emits heat depending on the material. The Thomson coefficient, t
for a conductor carrying current |, can be defined as,

dQ=t-1-dT (1.3)

The absolute thermoelectric coefficients also obey the Kelvin relationships;
Aa
H=aT (1.5))

Edmund Altenkirch was the first to use the constant property model to derive
the maximum efficiency of a thermoelectric generator (1909) as well as the
performance of a cooler (1911) when the design and operating conditions are fully
optimized [20,21]. The relation between the material properties and performance later
developed into modern theory of thermoelectricity using the concept of the ‘figure of
merit' ZT, was introduced by Abram Fedorovich loffe in 1949. loffe was one of the first
to promote the use of alloying to reduce lattice thermal conductivity by point defects. In
the 1930s, Maria Telkes made a thorough study on the PbS and Zn Sb materials,
which had already been observed by Seebeck more than a century ago, and in her
report these materials “were stated to produce the best couple for thermoelectric
energy conversion” Telkes is known for creating the first (solar) TE power generator in
1947 and the first TE refrigerator in 1953 using the principles of semiconductor
thermoelectricity.

One of the first demonstrations of 0 °C cooling was by H. Julian Goldsmid in
1954 using thermoelements based on Bi;Tes. Goldsmid was one of the first to utilize
the thermoelectric quality factor, identifying the importance of high mobility and
effective mass combination and low lattice thermal conductivity in semiconductors that
when properly doped would make good thermoelectric materials [22].

In 1995, Glen Slack summarized the material requirements succinctly in the
"phonon-glass electron-crystal" concept that the phonons should be disrupted like in a
glass but the electrons should have high mobility like in crystalline semiconductors [23].
In 2007, Dresselhaus et al. [24] summarized the recent advances up to date in the field
of low-dimensional thermoelectrics and showed that nanoparticles also perform an
energy-filtering effect that preferentially scatters those phonons that contribute strongly
to the thermal conductivity. In 2008, Snyder and Toberer [25] mentioned that even

though a high-ZT device based on these principles has yet to be demonstrated,
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predictions have stimulated a new wave of interest in complex thermoelectric materials.
Current concepts based on nanostructurig that affects the design strategies up to date

is presented by Kanatzidis [26].

1.2.1. Theory of thermoelectric effect

The potential of a material for thermoelectric (TE) applications, both power
generation and refrigeration, is determined in general by a measure of material's

dimensionless figure of merit, ZT, defined as

a’o

7T = (1.6.)

KL +Ke

To maximize the thermoelectric figure of merit (ZT) of a material, a large
thermopower (absolute value of the Seebeck coefficient), high electrical conductivity,
and low thermal conductivity are required. As these transport characteristics depend on
interrelated material properties, a number of parameters need to be optimized to
maximize ZT.

The Seebeck effect of a material is caused by two factors: charge carrier
diffusion and phonon drag [27]. Hot carriers diffuse from the hot end to the cold end,
because there is a lower density of hot carriers at the cold end of the materials, and
vice versa. The movement of heat, in the form of hot charge carriers, from one end to
the other is a heat current and an electric current as charge carriers are moving. To
ensure that the Seebeck coefficient is large, there should only be a single type of
carrier [25]. Mixed n-type and p-type conduction will lead to both charge carriers
moving to the cold end, cancelling out the induced Seebeck voltages. Low carrier
concentration insulators and even semiconductors have large Seebeck coefficients;
(see Eg. (1.7)) (Mott formula) where n is the carrier concentration and m* is the
effective mass of the carrier. However, low carrier concentration also results in low
electrical conductivity; (see Eg. (1.8)) where the electrical conductivity (o) is related to n

through the carrier mobility p:

_8mkE (w23
a=——-m T(ﬁ) 1.7.)
oc=ney (1.8))

Figure 1.3 shows the tradeoffs between Seebeck coefficient and electrical
conductivity in thermoelectric materials that must be met to maximize the figure of
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merit. This peak typically occurs at carrier concentrations between 10 and 10%

carriers per cm? (depending on the material system).

ZT

0.5

0 l |
1018 1019 1020 1021

Carrier concentration (cm-3)

Figure 1.3 Optimizing ZT through carrier concentration tuning [25]

The effective mass of the charge carrier provides another conflict as large
effective masses produce high thermopower but low electrical conductivity. The m* in
Equation (1.7) refers to the density-of-states effective mass, which increases with flat,
narrow bands with high density of states at the Fermi surface. However, as the inertial
effective mass is also related to m*, heavy carriers will move with slower velocities, and
therefore small mobilities, which in turn leads to low electrical conductivity (Equation
(1.8)). The exact relationship between effective mass and mobility is complex, and
depends on electronic structure, scattering mechanisms and anisotropy.

Phonons are not always in local thermal equilibrium and they move against the
thermal gradient. They lose momentum by interacting with electrons, or other carriers,
as well as imperfections in the crystal. If the phonon—electron interaction is
predominant, the phonons will tend to push the electrons to one end of the material,
thus losing momentum and leading to the thermoelectric field. This contribution is most
important in the temperature region where phonon—electron scattering is predominant,

which is described as:
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T ~<p (1.9.)

where 6p is the Debye temperature. At lower temperatures, there are fewer phonons
available for drag, whereas they tend to lose momentum in phonon— phonon scattering
instead of phonon—electron scattering at higher temperatures [27].

Additional materials design conflicts arise from the necessity for low thermal
conductivity. Thermal conductivity in thermoelectrics comes from two sources: (1)

electrons and holes transporting heat (ke) and (2) phonons travelling through the lattice

(Ku).
K= K+ K (1.10.)
Ke=LaT (1.11)

Most of the electronic term (ke) of thermal conductivity is directly related to the
electrical conductivity through the Wiedemann—Franz law, where L is the Lorenz factor,
2.4 x 1078 J2K-2C2 for free electrons [25].

As is widely known, the temperature-independent thermopower has been
analyzed using the Heikes formula [28]. In this formula, entropy per site is associated
with the thermopower. The simplest case, the thermopower of the Heikes formula
(Equation 1.12.) an can be given by where x is the carrier concentration per unit cell
[29].

a="2m(Z%) (1.12))

e 1-x

This formula is valid, when the thermal energy kgT is much larger than the

transfer energy t but much smaller than the on-site Coulomb repulsion U (t < keT « U).

Additionally, Anderson transition and loeffe-legel limit are the two extreme

cases that should considered when the Heike’s formula is applied to power factor [29].

1.2.2. Optimization of thermoelectric performance

Thermoelectric devices contain many thermoelectric couples consisting of n-
type (containing free electrons) and p-type (containing free holes) thermoelectric

elements (Figure 1.4).
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As explained earlier, charge carriers (electron for n-type and holes for p-type
thermolements) tend to diffuse from the hot side to the cold side in case of power
generation and diffuse along with the direction of the applied voltage in the case of
cooling.

The efficiency of a thermoelectric power generator is defined as the ratio of
electric power delivered to the load W to the total power drawn from heat source Q and

can be expressed as equation 1.13.

- /
n=Y%=In TC[ (+21)" 7 ] (1.13))

T 1/24Tc
Q H | (1+2T) +TH

where Ty and Tc are temperatures at hot and cold junctions respectively, ZT is
the aforementioned dimensionless figure-of-merit and the term (Tw-Tc/Tw) is known as
the Carnot’s efficiency. To increase efficiency, ZT should be increased and as
mentioned earlier to maximize ZT a large thermopower (absolute value of the Seebeck
coefficient), high electrical conductivity, and low thermal conductivity are required.

Many ideas and strategies have been proposed and developed in order to
improve ZT, some of them summarized in figure 1.4 [30]. Other than these strategies
there are ways to enhance the electrical conductivity and Seebeck coefficient
simultaneously such as carrier pocket engineering, invisible doping and interfacial
effects [27,31,32]. Detailed information could be found related references given in this

section.
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" Classical Physics

-Increasing the concentration and
mobility of carrier

-Reduce band gap

Figure 1.4 Different approaches to increase the Figure of Merit ZT of thermoelectric
materials taking into account classical physics or quantum physics [30]

1.3.  Crystal Structures and Properties of Investigated Materials

1.3.1. SiAION, SiC, TiCN

SIiAIONs is a general name for a large family of the so-called ceramic alloys
based on silicon nitride. There are two SIAION phases that are of interest as
engineering ceramics, a-SiAION and B-SIAION, which are solid solutions based on a
and B-Si3N4 structural modifications, respectively, and designated respectively as o'
and B'. B-SIAION is formed by simultaneous equivalent substitution of Al-O for Si—-N
and has most commonly been described by the formula Sis--Al,O;Ns-, [33]. The crystal
structure of SIALON is similar to SisN4 (Figure 1.5). The lattice parameter of a-SiAION
is changing between 0.562 nm-0.566 nm in c-axis according to the composition and it
is 0.291 nm in c-axis for B-SIALON [34]. The theoretical density of SIAION is 3.24
g/cm®. The electrical conductivity of B-SIAION is very low and the application of B-
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SIiAION in electric materials restricted to insulating uses. The structure and chemistry of
a-SIAION suggests that sialon ceramics with high electrical conductivity could be

prepared [35].

Figure 1.5 Crystal structure of (a) B-SiAION (b) a-SIAION (O@: Al/Si, A 4: O/N) [34]

SiC is a very promising wide band gap material. The theoretical density of SiC
is 3.21 g/lcm®. There is one cubic polytype which crystallizes in the zinc-blende
structure and is denoted as 3-SiC or 3C-polytype. Large slices of 3C-SiC are grown as
epitactic films on Si (100) substrates with a CVD method; the Si substrate may then be
removed. The other hexagonal and rhombohedral polytypes (about 170 are known) are
collectively named as a-SiC. The most important polytype is 6H-SIC. All SiC polytypes
are indirect semiconductors. The materials properties however depend on polytotypes
[36—38]. Figure 1.6 shows some possible stacking sequences for SiC. 2H has the most
hexagonal structure (Wurtzite) with stacking sequence AB. The technologically
important intermediate structures and their stacking sequences are 4H with ABCB and
6H with ABCACB. The stacking ABC of atoms in the 3C polytype leads to the cubic
zinc-blend structure. Changing of the stacking sequence has a profound effect on the
electrical properties, for example the bandgap changes from 3.2 eV for 2H to 2.4 eV for
3C [38]. Thermoelectric properties of SiC have been investigated since 1988 [39] and
the studies showed that it has a high Seebeck coefficient (500-600 pV/K), however the

thermal conductivity values are too high for the material to reach high ZT values.
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Figure 1.6 Stacking sequences for five different SiC polytypes [38]

TiCxN1— is a continuous solution of TiC and TiN. Based on phase diagrams of
the TiC—TiN system, full solubility of TiC in TiN is expected [40]. TiCN is described as
having a completely disordered structure (Figure 1.7). In this model the different atoms
(Ti, C, and N) randomly occupy the two Wyckoff generating sites: 4a (0 0 0) and 4b
(1/2 1/2 1/2). This structure model contradicts those for pure TiC and TiN, where Ti
atoms occupy the 4a (0 0 0) sites and C or N occupy the 4b (1/2 1/2 1/2) Wyckoff sites
[41]. TiCN has been used as an additive or coating material to improve the mechanical
properties of ceramic materials [42—45]. In addition to its high hardness and toughness
it has a high electrical conductivity (=10° S/m). There are a few studies carried out that

TiCN was used as an additive to increase the electrical conductivity [46—49].

TilC/N

a) b) )

Figure 1.7 Structural models of TiCN; (a) Model I, (b) Model 1l and (c) Model 1V [41]
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1.3.2. SrTiOs

Strontium titanate (SrTiOs) is an excellent model material for electroceramic
applications. At room temperature, SrTiOs; crystallizes in the ABO3 cubic perovskite
structure (space group Pm3m) with a lattice parameter of 0.3905 nm and a density of
5.12 g / cm. The crystal structure depicted in figure 1.8. The Ti*" ions are six fold
coordinated by O? ions, whereas each of the Sr?* ions is surrounded by four TiOe
octahedra. Therefore, each Sr?* ion is coordinated by 12 O% ions. Within the TiOg
octahedra, a hybridization of the O2 p states with the Ti® d states leads to a
pronounced covalent bonding. Sr?* and O? ions exhibit ionic bonding character. Hence,
SrTiOz has mixed ionic-covalent bonding properties. This nature of chemical bonding

leads to a unique structure, which make it a model electronic material.

Figure 1.8 Structural models of SrTiOs

1.3.3. LaxCuOsand LaNiO3

Lanthanum cuprate (La.CuOs4) is a model material for studying
superconductivity phenomena, especially high temperature superconductivity. It has
A;BO,-type structure with a density 6.93 g/cm?3, which is represented in Figure 1.9, a
Ruddlesden- Popper (R-P) phases have the general formula Ax(ABX3s)n; LaoCuO4 with
n=1. The A cation site is, occupied by nine-fold coordinated La*3, whereas the B cation
Cu*?is placed in the center of a BOs oxygen octahedra and is six-fold coordinated. The
BOs structure is highly distorted, with the B-Opiane bond length being remarkably shorter
(= 1.9 A) than the out-of-plane B-O apical distance (= 2.5 A). A large amount of oxygen
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can be easily intercalated in the crystal (in the form of negatively charged interstitial

defects between two LaO layers) forming hyperstoichiometric LazCuQa.s.

Figure 1.9 Structural models of La,CuOa4

Among the remarkable family of perovskite oxides, lanthanum nickelate LaNiOs
is a rare example characterized by paramagnetic metallic behavior down to the lowest
temperatures and being structurally compatible with many active perovskite functional
layers [50,51]. Depending on the oxygen stoichiometry, LaNiOs-x (x = 0) can show
either the metallic, semiconducting (x > 0.25) or insulating (x > 0.5) behaviors with the
carrier concentration varying by a few orders of magnitude [52,53]. Usually, LNO is
rhombohedral at room temperature but undergoes a rhombohedral to cubic phase

transition at higher temperature [54].
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Figure 1.10 Structural models of LaNiO3

1.4. Defect Chemistry of Investigated Materials

Defect chemistry is the key to the understanding of the ionic and electronic
transport properties of solids. The defect reactions which dominate the electrical
conduction properties of undoped, acceptor and donor doped SrTiO3 will be elucidated
using the Krdger-Vink notation [55]. Perovskite structure suggests that the dominant
ionic point defects in the bulk are vacancies rather than interstitials, where by Sr

vacancies (V) Sr are compensated by oxygen vacanciesV;".

In SITiOs; the dominant point defects in the bulk are vacancies rather than

interstitials due to the close packed structure leading to Schottky disorder;
Sre +0) ==V, +V" +Sr0 (1.14)

By assuming the activity of SrO is constant, Equation 1.14 results in a simplified

mass action law in;

Ks =[ Vs J[Vs" ] =Ks exp(— Ak':s j (1.15)

Another important intrinsic defect reaction is the generation of electrons and

holes by thermal excitation in;

nil——h" +¢ (1.16)
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And the corresponding mass action law is given by in;

AH
K. = _nZKOeX — B 1.17
=P s p( T j (1.17)

n and p respectively are the electron and hole concentration.
The incorporation of a trivalent acceptor A’ in the Ti site and the subsequent

formation of oxygen vacancies in SrTiOz can be described by the following reaction
AO, +2Ti* + O ——2A, +VS" + 2TiO, (1.18)
For the temperatures below 1000°C the general expression for electroneutrality is

2V+p=m+n (1.19)

m= [An J and V= [VJ] the oxygen vacancy concentration.

Also the oxygen incorporation (excorporation) equilibrium in oxidizing (reducing)
atmosphere are relevant for the formation of defects;

%Oz +V =—=0] +2h" (1.20)

p2 AGO
K =—— T —exp| ——= 1.21
04 [VC;.]- poi/z p[ kT ( )

X 1 o '
(04 A*EOZ +V5" +2e (1.22)

AG,

Kreg = [Vc;']-nz- pOy? =K?, [——kT“*d ] (1.23)

K. and K_ are the mass action equilibrium constant for the oxidation and

reduction reaction.

In the reducing regime, the condition of electroneutrality can be simplified as
n~2v and for oxidizing regime 2V~ m.

In addition, when La®" replaces Sr?* charge imbalance can be compensated by
cation vacancies on the A-or B-site (ionic compensation) instead of electrons. In this
case the possible mechanism can be identified with the Eq.(1.24) and Eq.(1.25);
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2La,0, +3Ti0, — ™= 4La; +3Ti, +120} +V,, (1.24)
La,0, +3Ti0, —™>2la; +3Ti) +90% +V, (1.25)

A detailed chemical model for La.CuO4 has been given by refs. [5,56,57]. A
large amount of oxygen can be easily intercalated in the crystal (in the form of
negatively charged interstitial defects between two LaO layers) forming
hyperstoichiometric A2BO4+5 [58—60]. A second way for varying the charge carriers
concentration in this compounds is by substituting La*® with an aliovalent cation.

Hole doping h® and also superconductivity can be achieved via incorporation of
oxygen and has been obtained using different methods such as high pressure oxygen
annealing, ozone annealing or by chemical and electrochemical methods. Oxygen
doping occurs according to the equation 1.20 which expresses the external defect

equilibrium reaction between La.CuQO4 and the gas phase (Fig.1.11).
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Figure 1.11 Defect concentration of an oxide as a function of partial pressure of

oxygen (Kroger-Ving diagram) [5]

As described above, another possibility to increase the hole concentration in
La,CuO, is based on acceptor doping, substituting La*® with a divalent cation (general
formula La,xMxCuOs4, M=Sr, Ca, Ba). In this dissertation Sr is used as a dopant. Sr

incorporation reaction (which is considered as irreversible therefore mass-action law is
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not applicable to it leads to an increase of the hole concentration according to the

equation 1.20.
25rO+2La, +%O2 —La 0, + ZSrL'a +2h° (1.26)

One should notice here that an equivalent possibility of formulating the dopant
incorporation reaction predicts the formation of oxygen vacancies.

2SrO +2La, + O ——>La,0, +2Sr,, +VJ (1.27)

For the defect chemistry of La,CuO4 one should also take into account the

following equilibria reactions, namely the anti-Frenkel reaction involving an oxygen site;

O +V ==0 +V¢° (1.28)
The relevant mass-action laws read;
. . AH
K.=|0O ||V |=K2exp| - F 1.29
~[o]w ]~k ew -A0e (129
AH
K,=p-n=Klexp| -——=& 1.30
- e o - 030

Where by the electroneutrality condition can be written as
20/ ]+[sr, J+n=p+2[V"] (1.31)
In the particular case of the pure material, Equation (1.31) can be simplified as:
2[0/|=p (1.32)
which, combined with Equation (1.21), results in:
poc Py’ (1.33)

as experimentally verified by conductivity experiments [59,61,62].
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In the case of Sr-doped material, the solution can be simplified for different

regimes (see Figure 1.12):

O
é ) RSO0 [P ]
;:? 2(07 *1/2 2AVs' ]+
= +1/6
& +1/4
log (PO ) —=

2

Figure 1.12 Defect concentration in La,CuO4 as a function of oxygen partial pressure
at given Sr-content and constant temperature [56].

Local excess charge at the grain boundaries and interfaces in thin films lead to
defect concentration distributions, which are very different from the bulk [9].

In such situations, the concentration of the different chemical species can be
determined starting from considering the equilibrium condition, at which the
electrochemical potential of each mobile defect j must be constant in space (here the

one-dimensional case is considered):

(%)= ;(%,) (1.34)

where x; and x» represent two different locations in the sample. Eg. (1.34) can be

written in terms of chemical potential 1 and electrostatic potential ¢:

#3 (X)= 1 (x) + 284 (x) (1.35)

Where z;is the charge number of the charge carrier j and e is the electron charge.
For dilute concentrations of the species j, the chemical potential can be

expressed as
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;=1 +kTIn(c)) (1.36)
where y? is the standard chemical potential. According to (1.34)

1 +KTIn(c; (%)) +2;,e4(x) =4 +kTIn(c; (x,))+2z;e4(x,) (1.37)

Results, by referring to the position and from this

(@]/ - exp(—iA¢(x)j (1.39

KT

joo
One can recognize that the concentration profiles of the mobile charged defects
are determined by the space charge potential A¢(x), defined as the difference

between the space charge potential #(x) at the position x and in the bulk ¢(00). For

x=0, #(0)—¢(0) = Ady and Eq.(1.38) becomes:

o KT
The determination of the charge carriers’ concentration profiles requires the
knowledge of the relationship between concentration and electrical potential, which is

described by the Poisson equation

P(x) _ p(x)

1.40
ox? NS (1.40)

where p(x) is the charge density.

The combination of Eq. (1.38) and Eq. (1.39) results in the Poisson-Boltzmann

differential equation [3]:

jA(/ﬁ(x)J (1.41)

For the integration, it is helpful to distinguish two specific cases, the Gouy-

Chapmann and the Mott-Schottky case, which are described in the following section.
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1.4.1. Gouy-Chapmann case

In this situation, all the charged defects are mobile (note that his holds for
example in solids exposed at very high temperatures) and follow the space charge
potential. Here, Eq (1.41) can be analytically solved only in the case of two charge

carriers with opposite charge (z, =-z, =) and (C_, =—C, ). From this:

2kT . (1+Oexp(-x/1)
= | .
#x) ze n(l—@exp(—x/)ﬁ) (1.42)
results, where
® = tanh [%j (1.43)
4KT

and
.. kKT
A= |0 1.44
\/ 27%’c,, (1.44)

The spatial variation of the potential defined in Eq. (1.42) is given by:

the Debye length.

d’p  zec

dx? &

i~ oxp| — 22
eXD( = ¢) (1.45)

r

The concentration profile is given by

¢, (x) (1+Oexp(-x/1) * (1.46)
c, |1-©exp(-x/4) '

Joo

The charge density X can be calculated as:

ep(0
=, /8kTgOgrcmaj’w sinh {%ﬁ_()j (1.47)

where the subscript maj indicate the majority defect. In this case, the extent of the

space charge layer is approximately equal to 24 .
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1.4.2. Mott-Schottky case

At lower temperatures the Gouy Chapmann case is no longer valid, since not all
the charge carriers are mobile enough to redistribute within the SCL. This is also the
situation of an oxide doped with an immobile aliovalent cation. In this case, the Mott-
Schottky approximation describes the system better. If the depleted charge carriers can
be neglected and the charge density is hence fully defined by the dopant concentration
(as long as dopant concentration exceeds the concentration of intrinsic defects). The
Poisson-equation becomes:

82¢ __ Zdopecdop,oo (1 48)
ox* o8, '

For a horizontal doping profile integrating Eq. (1.48) with the appropriate

boundary conditions:

¢(l ) =0 (1.49)
#(27)=¢,=0
one obtains:
zdopecdopyw “\2
A =———(x-A
4(x) it (X ) (1.50)
Where

. 4z,
2= (225 A00) TR oy (1.51)
Zdopecdop,oo kT

Since in a Mott-Schottky situation the majority of the defects cannot redistribute,
the space charge width is dependent on the space charge potential and the charge

screening ability is reduced. As a consequence A* is usually more extended than A.

The concentration profiles in this case are given by

c;(x) o (x=A i
o] s
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And the charge density given by

% = \[8E0E, 20y Caop .EAP(0) = 217€2,,C (1.53)

dOp,oo

1.4.3. Brick layer model

The total conductivity of a polycrystalline material consists of the grain and the
grain boundary contributions. These two contributions can be quantified by a.c.
impedance spectroscopy, which allows for the determination of corresponding
resistance values and capacitances. In order to extract from the experimental data the
conductivity and dielectric constant values, one needs to take into consideration the
geometry of the grains and the grain boundaries. Employing the brick layer model
makes this obviously challenging task easier [63—66]. In the brick layer model, the
grains are assumed to be cube-shaped and homogeneous in size, with continuous
connection of grain boundaries. This simplified description allows for the determination
of the grain and grain boundaries conductivity of polycrystalline materials [67] and of
the pathways followed by the mobile charge carriers [16].

As shown in Figure 1.13, in the case of highly conductive grain boundaries, the
electrical transport occurs along the grain boundaries, which are parallel to the
direction of the current, while in the case of blocking grain boundaries the mobile
charge carriers migrate in the grain and across the grain boundaries perpendicular to
the direction of the current. When the electrical transport occurs along the grain
boundary the system can be described with one RC circuit and when the transport
occurs across the grain boundary the system can be described by two RC circuits in
series, representing bulk and perpendicular grain boundaries, which in principle

correspond in the impedance spectra to two distinct semicircles.

(a) (b) . Rgy! (c) (d)
: > T :
1 Uy Roo cgb” Rgp*
> i i "_(—i— m
C ({:= i Re Ru*Rg’ Rgy'

Figure 1.13 Schematic diagrams of a brick-layer model for a polycrystalline ceramic
(a); an equivalent circuit model (b); impedance spectra (Nyquist plots)

expected from the current path 1 (c) and 2 (d) [68]
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Resistance and capacitance obtained from the fit of the data allow for the

calculation of bulk and grain boundaries conductivities (obuk, og) and dielectric

constant (&, ) by considering the sample’s geometry as:

o —L(LJ 1.54
wk =1 R\ A (1.54)

and
G H(&j (1.55)
Ry LA '

(1.56)

Cpulk =

Where A is the cross section area of the sample, L the distance between the
electrodes, Rpuk, Rgo, Couk and Cg the bulk and grain boundaries resistance and

capacitance respectively.

It is important to note that oy, as it is defined in Eq. 1.58 represents a
measured conductivity that does not refer to the local grain boundary. For this
reason, it is more appropriate to consider the local specific grain boundary conductivity

(o}

a.spec » Which under the assumption that &y, ® £gg, can be written as [69]:

Cbulk Rbulk

CioRyp

(o}

gb,spec = O-bulk

(1.57)

From the dependence of the conductivity on the temperature, it is possible to

determine its activation energy ( Ea): since often the conductivity can be written as

A E
o =—exp|l ——2 1.58
T p( ij ( )

where A is a temperature independent factor, writing the equation as
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In(oT)=In(A)-—= (1.59)

it is clear that if In (O'T) is plotted as a function of 1/T (Arrhenius plot), the resulting
E
slope corresponds to —?a .

1.5. Motivation

The investigations in this dissertation work are based on the following strategies
to tailor the thermoelectric properties: composite approach, grain boundary
engineering, nanostructuring and tuning the interfacial effects.
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2. EXPERIMENTAL METHODS
2.1. Sample Preparation
2.1.1. Gas pressure and spark plasma sintering

The gas pressure sintering (GPS) relies on applying a certain gas pressure
during high temperature sintering. Such a method is one of the most important sintering
techniques, particularly for SisN4 because it prevents its decomposition and allows long
sintering times at high temperatures enabling diffusion processes during sintering [70].
Many products which can be shaped by different techniques such as pressing, injection
molding, and casting can be easily sintered by this method which has no limitation in
terms of shape and quantity. Preformed products are placed in graphite, SiC or BN
moulds. BN spray is applied to the product surfaces to prevent reactions with the
crucible. Two-step sintering is usually applied during GPS sintering. During the first
step, a small amount of gas pressure (0-5 bar) is applied up to a temperature above
the liquid phase formation to allow for pore closure and microstructure formation. Then
the temperature and pressure are increased at the same time to ensure complete
closure of the remaining closed pores in order to achieve full condensation [71].

In this work, the SIAION based samples sintered in a h-BN crucible using a
GPS furnace (FCT Systeme GmbH, Germany), capable of operating at temperatures of
up to 2000 °C in an inert atmosphere of up to 10MPa pressure. A two-stage sintering
process was employed. The first stage of sintering was achieved at 1940 °C for 60 min
under a nitrogen gas pressure of 0.2-0.5MPa. In the second stage, both the peak
temperature and gas pressure were raised to 1990 °C and 10MPa, respectively, for the
same soaking time. The heating and cooling rates were kept at 10 °C/min. Powders
were dry pressed with a computer controlled automatic uniaxial press (Dorst, Germany)
under 50 kN load.

Spark plasma sintering (SPS) is one favorable compaction method, which has
emerged in the last years as a powerful and fast technique for sintering highly
covalently bonded materials [72]. It contributes to full densification, reduces the
sintering temperature, shortens the sintering time prevents excessive grain growth and
improves the mechanical and thermal properties as a result of Joule and direct heating
generated by high pulsed electric current [73].

In this study, the SPS system (HPD-50, FCT GmbH, Germany was used. For
the SiC based composites, a single step densification schedule at 2050 °C with a 20

min hold time under 50 MPa uniaxial pressures were carried by using spark plasma
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method. The holding time of 15 minutes and heating rate of 200K/min were used. Apart
from SIAION and SiC based composites, the SrTiOs; based samples sintered by using
conventional method. The preparation of the samples is explained more in detail in
Chapter 4.

2.1.2. Oxide molecular beam epitaxy

Oxide molecular beam epitaxy is one of the techniques, which allows atomic-
scale synthesis of oxide films and heterostructures. Observations of unexpected
phenomena [74] and new functionalities of materials, such as enhancement of high Tc
in LaissSro.4sCuO4/La,CuQ. interface [75] were made on samples prepared according
to this technique.

Molecular beam epitaxy is based on the evaporation of metallic elements from
resistive thermal sources (Knudsen cells) or from electron-beam sources. Under ultra
high vacuum, the atomic flux is conveyed, by using appropriate geometry, onto a
substrate, where the cationic species combine in order to form the desired phase.
Mechanical shutters, placed in front of each effusion cell, are operated in order to
provide each depositing species in the correct order and amount. While keeping ultra
high vacuum, a highly reactive oxidizing gas 3x107° Torr (mixed ozone, radical oxygen
and molecular oxygen atmosphere), such as oxygen plasma or ozone, is employed for
the growth of oxides. The use of molecular oxygen is normally prevented by the need
to minimize scattering of the evaporated atoms in the background gas [76—78].

A particular growth technique has been developed [79] which is called atomic-
layer-by-layer MBE (ALL-MBE) and provides simultaneous deposition of all the
different species constituting the growing phase.

The MBE (and especially the ALL-MBE) technique is particularly suited for the
realization of multilayered systems, in which different phases are stacked on top of
each other, and of superlattices, in which a fixed structure (superlattice unit, having
typical thickness of a few nanometers), is repeated for a predefined number of times
[78].

In this study, multilayers of (see Chapter 5) were grown using the oxide MBE
system (DCA Instruments). A simplified sketch of the system is shown in Figure 2.1. A
detailed description of the oxide MBE setup which has been used to synthesize the

samples and for more details please refer to Ref. [80] and [78].
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Figure 2.1 Sketch of the MBE growth chamber. Reproduced with permission from Ref.
[125].

2.2.  Structural and Morphological Characterization

2.2.1. RHEED

Reflection high energy electron diffraction (RHEED) is a important tool to follow
the MBE growth process. It is an in-situ monitoring technique which is based on the
quasi two-dimensional diffraction of an electron beam from the surface of the growing
sample. Thanks to this technique, submonolayer ordering and phase transformations,
the transition from 2-D layers to 3-D clusters, details of the shape of small 3-D clusters,
and even amorphous-to-crystalline transitions can be investigated quantitatively [81].
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Figure 2.2 RHEED image at the end of the growth of 16x(2//1.5) LNO-LCO superlattice

High electron energies of 10-100 keV are used and the surface sensitivity is
achieved by using grazing incident angles (0.1° to 5°).

The formation of the diffraction pattern can be depicted most easily using the
Ewald construction. The radius of the Ewald sphere is inversely proportional to the
wavelength A. The intersection of the Ewald sphere and the reciprocal-lattice rods is a
graphical solution of the grating equation (Equation 2.1) and therefore yields the
diffraction pattern.

nA = d(cos 6, — cos 6,) (2.1)

As the energy of the incident beam or the angle of incidence is varied, the
radius of the Ewald sphere or its orientation relative to the rods changes, consequently
also changing the points of intersection with the rods [81].

For a plane wave with a wavelength A incident at an angle 6, (measured from
the horizontal plane) on a one-dimensional grating with line spacing d, the diffraction
maxima occur at angles 8x when rays emanating from successive grating lines scatter

in phase, i.e., when their path difference is an integral number of wavelengths.

2.2.2. X-Ray diffraction

In this study, X-ray diffraction (XRD) using a XRD diffractometer (Xpert, Philips,
3710 HTK, Cu K=1.54056 A) was employed on both powders and sintered pellets
(Chapter 3 & 4), in order to check the presence of secondary phases.

For thin film samples (Chapter 4) the arrangement of the atoms can be
determined from the measurement of the positions of the Bragg reflections and

expressed by Bragg’s law:
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2dsin8 = nl (2.2)

From the 8 angles which give constructive interference, the interatomic distance
can be obtained. In order to retrieve a more precise evaluation of the d lattice
parameter refinement, the Nelson-Riley function, which takes into account possible
sample misalignments, can be used [82]. Here, the lattice parameter is defined by the
intercept of the linear fitting obtained by plotting d as a function of the Nelson-Riley

function;

cos 6% cos 6%

(sin9)+( 0 ) (2:3)

In the particular case of thin films, together with the stacking of the atomic
planes, other types of ordering exist, giving rise to diffraction signals. In particular,
additional peaks are present around the main Bragg peaks: they are (i) the Laue
fringes, which stem from the overall crystalline ordered volume and whose distance is
linked to the sample thickness, and (ii) the superlattice peaks, which reflect periodicity
stemming from the presence of an alternation of different phases in the case of periodic

multilayers.

These additional peaks can be treated with the following formula

2sin@ 1
A d

+ (2.4)

>3

in which n is an integer that labels the order of the satellite peak around the main Bragg
peak and A is the modulation length (e.g. the Im thickness or the superlattice unit
thickness). In the case of a single phase, in which only the Laue fringes are present,
one simply has d = d.

In the case of superlattices, their fringes are analyzed by taking

A
Ng+Npg

d=

(2.5)

Here, Na and Ng are the number of atomic planes of material A and B in a
superlattice unit, respectively. The diffractometer used for the investigations of the
samples during this project (model Bruker D8) uses a Bragg-Brentano reaction
geometry equipped with a monochromator and a Cu-filament source (A = 1.54060 A).

In such a geometry, a typical scan, called 26/w, is performed by changing both the
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source and detector positions with respect to the sample: the incident angle w and the
diffracted angle 26 are coupled in order to ensure the optimal beam collimation thus

maximum intensity [78,83].

2.2.3. X-Ray reflectivity

A particular application of x-ray diffraction is x-ray reflectivity (XRR), where one
measures the x-ray intensity that is reflected from the surface of the sample at very low
angles, starting from 0°. The analysis of X-ray reflectivity (XRR) is a powerful tool in
order to get information about thin films morphology. This technique is based on the
specular reflection of X-rays at grazing incident angles. In such a configuration, for
angles larger than the critical angle, the incident beam is partially reflected and partially
refracted by the film surface: the path difference between the reflected and the
refracted beam gives rise to interference. As a consequence, one can observe an
oscillating intensity behavior of the outcoming beam as a function of the incident angle
(the so-called Kiessig fringes), with maxima occurring where the condition for
constructive interference is fulfilled. By analyzing the Kiessig fringes, one can easily
obtain the film thickness (up to 100 nm) in the case of single phase film using the

approximated relation.

d

IR

A (2.6)
2Aa
with Aa being the distance between two consecutive minima or maxima and A being the
wavelength of the incident beam. Based on a similar approach, one can perform
analysis of multilayered structures, given that each constituting phase is characterized
by different density thus different refraction index. In this case, the analysis of the
reflectivity curve requires the use of simulations, which are typically based on the
Parratt equation [84].

By doing this, one can not only get information on the total and the single layer
thickness, but also on the surface and the interface roughness, parameters which can

be retrieved by analyzing the intensity loss upon beam-sample interaction.

2.2.4. Atomic force microscopy

Atomic force microscopy (AFM) is a technique for the atomic-scale analysis of
the surface morphology, which provides useful information on the quality of the

samples [85].
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AFM can be operated in contact mode, in which repulsive forces generated by
the contact between tip and sample are measured, hon-contact mode or tapping mode.
In the second mode an oscillation of the tip at its resonance frequency is induced: tip-
surface interaction tend to disturb such oscillation, and the system adjusts the tip-
surface distance in order to maintain a constant frequency. From here, information
about the surface morphology is obtained. In the third mode, called tapping mode, the
oscillation frequency is increased and an alternated tip sample contact is realized. In
this way, more accurate details on the surface morphology are retrieved with respect to
the non-contact mode, while a less destructive (for the tip) situation is realized
compared to the contact mode

For our measurements, Digital Instruments atomic force microscope with
Nanoscope Il controller, operated in tapping mode, has been used. Together with
surface imaging, also quantitative information about the roughness can be obtained,
such as:

Root mean squared roughness, Rms

Rms = ’%fOLZ(x)de (2.7)

Arithmetic average roughness, R,

Ra = [ Z(x)2dx (2.8)

Maximum roughness, Rmax
Rmax = max[Z(x)]dx (2.9)

2.3. Electrical Resistivity and Thermopower Measurements

2.3.1. AC electrochemical impedance spectroscopy

Alternating current (AC) electrochemical impedance spectroscopy (EIS) is a
very powerful technique for the characterization of the electrical properties of the
materials and of their grain boundaries or interfaces.

EIS consists of the application of an alternating voltage U(t) =Uo cos(wt +6 ))
across the sample and in measuring the current response, | (f) = | coswt, as a function
of the angular frequency o. Here, 6 is the phase difference between the voltage and
the current: From these, the impedance Z at each frequency can be determined. By
taking into account the Euler’s formula, the impedance Z*, can be also written as
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7* = % = %exp(—i@) = Z(cos @ —jsinB) (2.10)
0

Z*, can be plotted in the complex plane with the real part Z' = Z cos6 on the x
axis and the imaginary part Z " = Z sin8 on the y axis (Nyquist plot). In an ideal case,
this results in a semicircular arc, which can be modelled using an equivalent circuit
containing a resistor R and a capacitor C in parallel, over the whole frequency range
[86].

In the Nyquist plot of Z* the low frequency intercept of the arc with the x axis

corresponds to the resistance R, since, when ® —0 the influence of the capacitance

vanishes and the DC response is obtained. The inverse of the frequency at the peak
gives the relaxation time constantt = w™! = RC.

The semicircles experimentally observed in the EIS spectra are in most of the
cases distorted. This non-ideal behavior originates from the effect of the materials
inhomogeneity on the distribution of the current density. This makes it difficult to
approximate the impedance with an ideal RC circuit and, consequently, the capacitor C
is replaced by a constant phase element Q. The capacitance of the contribution is then

best calculated from the fitting parameters Q and Jaccording to the following equation
C = (R*9Q)1/? (2.11)

where 9 indicates the depression of the semicircle, and it must range between 1 (ideal
capacitor) and 0.7 for a sensible fitting.

In this work, impedance spectroscopy measurements were performed using an
Alpha-A high resolution dielectric analyzer (Novocontrol) in the frequency range from 2
MHz to 1 Hz and applying a AC voltage of 0.3 V.

The electrical conductivity and the dielectric constant of the bulk were

determined from the experimental data, taking into account the geometry of the

sample.
1 h
Obulk = g7 (2.12)
Chuik h
Epulk = I;Olk; (2.13)
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h and A being the sample thickness and cross-section, respectively. The calculation of
the respective values or the boundaries must take their geometrical parameters into

account.

By plotting InTs versus 1/T (Arrhenius plot), the slope is proportional to the
activation energy Ea can be extracted according to the Eq.(1.58).

In this work, the activation energy of the conductivity was determined from the
impedance spectra acquired every 20°C between 350°C and 630°C at the desired
partial pressure. The samples were equilibrated at the desired partial pressure for 20
hours before acquiring the final spectrum. The impedance spectra were analyzed with

the software Z-View (Scribner Associates).

2.3.2. ZEM 3-M8

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

The essence of a Seebeck measurement is to measure the potential difference

V = A¢ across a sample under a fixed temperature gradient (AT) at some fixed

temperature T. The Seebeck coefficient (a) is then taken as V = A¢/T and V = A¢ is
defined at the voltage drop between cold side and hot side of the sample, while AT is
the corresponding temperature difference Tn — T.. Voltage and temperature are
measured at corresponding points on the sample.

A prism or cylindrical sample is set in a vertical position between the upper and
lower blocks in the heating furnace (Figure 2.3(b) & (d)). During the measurement, the
sample is heated by the heater in the lower block to provide a temperature gradient.
The Seebeck coefficient is determined by measuring the upper and lower temperatures
T1 (Tw) and T2 (T with the thermocouples pressed against the side of the sample,
followed by a measurement of the thermal electromotive force (dE) between the same
wires on one side of the heating furnace thermocouple (Figure 2.3(b) & (d)). The
resistivity can be measured by a two point (only the inner electrodes) or in the four
point (outer and inner electrodes) configuration in a sweep mode (ac mode) or a step
mode (dc mode). At every set temperature, the voltage gradient and the resistivity are
calculated using the average of these three values. Because of the robust construction,

it is possible to investigate a wide range of samples. For thin films, substrates with 5 x
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5 mm? to 10 x 10 mm? area and bulk samples with a minimum length or diameter of 5

mm can be investigated.

Fixture for the
( a ) upper and lower Needle valve ( b ) Upper electrode

electrodes
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Gas tube B
Gas inlet
Glass B
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i3 3 5 Rotary pump
Infrared heater
Lower electrode ) Lower electrode
Platinum
Absolute Sample heater

Pressure -~
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Inner
electrodes

Pressure
Controller
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Figure 2.3 (a) Schematic overview of ULVAC ZEM-3 M8 (b) Schematic of the
measurement setup (c) The ULVAC ZEM-3 M8 apparatus (d) Sample
holder [87]

The measurement of the Seebeck coefficient seems to be a very simple
process; however, many specific problems involved make it quite difficult. Uncertainty
in the Seebeck and resistivity measurements can arise from a number of sources [88].
According to the round-robin studies for all the ULVAC ZEM 3 results, the scattering
data points were about +4% in the entire temperature range. The standard reference
materials (Constatan for ULVAC ZEM system) need to be periodically examined after
high temperature exposures [89].

Seebeck coefficient measurements of all samples were carried out by using
ULVAC ZEM 3 -M8 measurement system which was equipped with Pt clamps for
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generation of temperature gradient on the sample at high temperatures (750 °C) under
oxidizing condition (pO2 = 10* - 1 bar) or reducing condition (pHe=10* - 1 bar).

The electrical resistance measurements of segregated network composites
(Chapter 3) and thin films (Chapter 4) were carried out simultaneously by using the
same set up as for the determination of the Seebeck coefficient with the dc four
terminal method (Normal mode), in which a constant current () was applied to both
ends of the sample to measure and determine voltage drop (dV) between the thermo-

electromotive force leads.

2.4. Thermal Diffusivity and Specific Heat Measurements

The thermal diffusivity describes how quickly a material reacts to a change of
temperature. Different methods can be used to determine the thermal diffusivity and
laser flash technique is one of them. In the laser flash thermal diffusivity method, one
face of a sample is irradiated by a short (<1 ms) laser pulse. An IR detector monitors
the temperature rise of the opposite side of the sample. The thermal diffusivity is
calculated from the temperature rise versus time profile [90].

For the bulk sample measurements, a LFA457 MicroFlash (Netzsch, Germany)
laser flash system was used (Fig.2.4).

The specific heat is the amount of heat per unit mass required to raise the
temperature by one degree Celsius and can be measured by using differential
scanning calorimetry (DSC). In differential scanning calorimetry (DSC), the sample
material is subjected to a linear temperature program, and the heat flow rate into the
sample is continuously measured; this heat flow rate is proportional to the
instantaneous specific heat of the sample.

Two sample holders are mounted symmetrically inside an enclosure which is
normally held at room temperature. A primary temperature control system controls the
average temperature of the two sample holders, using platinum resistance
thermometers and heating elements embedded in the sample holders. A secondary
temperature control system measures the temperature difference between the two
sample holders, and adjusts this difference to zero by controlling a differential
component of the total heating power. This differential power is measured and
recorded [91].
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Figure 2.4 (a) Schematic view of LFA-457 MicroFlash (Netzsch, Germany) (b) Image
of a device analogous to the one used in this study.

In order to measure the specific heat of a sample, the sample holder
temperature is programmed as shown in Figure 2.5. To establish a base line, the
program is carried out with no sample present and crucibles are placed in the sample
holders. Isothermally, the base line indicates the differential losses of the two sample
holders at the initial temperature. This procedure is then repeated, with a weighed
sample added to the sample holder. The heat flow rate is obtained according to the
formula of equation (2.11). Here H is enthalpy, t is time, m is mass, T is temperature
and C, is specific heat.

dH _ ar

mC

T P2 (2.11)

The specific heat measurements for the segregated network composites

(Chapter 3) were done by using a DSC NETZSCH STA 449F3 while for the
measurements of SrTiOz based samples a DSC Perkin EImer4000 was employed.
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Figure 2.5 Linear temperature program [91]

The thermal conductivity was calculated according to the equation (2.10)

K=D-Cp:p (2.10)

where K is the thermal conductivity; C, is the specific heat; p is the density; D is

the thermal diffusivity.

2.5. Microstructural Characterization

Scanning electron microscopy studies were employed for the characterization
of the pellets by using Zeiss Merlin field emission scanning electron microscope
(FESEM) equipped with back scatter electron detector.

For electron transparent samples, standard sample preparation procedure
including mechanical grinding, tripod wedge polishing and argon ion milling with a liquid
nitrogen cooled stage was performed. For argon ion thinning, a precision ion polishing
system (PIPS I, Model 695) was used at low temperature. For all STEM analyses, a
probe-aberration-corrected JEOL JEM-ARM200F STEM equipped with a cold field-
emission electron source, a probe C s-corrector (DCOR, CEOS GmbH), a large solid-
angle JEOL Centurio SDD-type energy-dispersive X-ray spectroscopy (EDXS)
detector, and a Gatan GIF Quantum ERS spectrometer was used. For TEM analyses a
image-aberration-corrected JEOL JEM-ARM200F was used.
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3. AN ALTERNATIVE COMPOSITE APPROACH TO TAILOR THE
THERMOELECTRIC PERFORMANCE

3.1. Introduction & Motivation

Thermoelectric (TE) materials and devices attract increasing attention because
of their potential applications in the fields of energy conversion, thermal sensors, and
cooling systems for electronic devices [92-94]. The performance of a TE device
depends on the figure of merit of the TE materials (ZT = a? -:oT/k). Therefore, in order
to have high-performance TE materials, an ideal combination of high power factor (a%o)
and low thermal conductivity (k) is required. In polycrystalline materials, the situation is
more complex due to the presence of grain boundaries in which and in proximity of
which the electrical and thermal properties can differ significantly from the bulk. In order
to enhance the figure of merit, K is required to be as small as possible, boundaries can
be beneficial as they can selectively scatter phonons and charge carriers [24,31]. As
for the electrical conductivity, it is known that the electrical transport along grain
boundaries and interfaces can be improved or depressed, even by several orders of
magnitudes, as it was shown for example for LaAlO3/SrTiOs interfaces [95], for nano-
crystalline ceria [96] and mesoscopic SrTiOs [17]. Therefore, microstructural design
particularly of boundaries can be crucial for improving the desired functionality.

The materials used in thermoelectric generators (TEG) should be
environmentally friendly, inexpensive, chemically and thermally stable, and scalable for
mass production with high mechanical strength [97,98]. Skutterudites, half-Heusler
compounds and silicon-based thermoelectric materials are current candidates for
medium-high to high temperature applications. In addition, oxide thermoelectric
materials seem promising due to their durability at high temperature in air, non-toxicity
and low cost [99]. Also, carbides such as SiC are good candidates for high temperature
applications, thanks to their thermal, mechanical and chemical stability although their
electrical properties cannot compete with skutterudites and half-Heusler compounds
[39,100,101]. In this context, it is worth mentioning that SIAION-based composites are
attractive for high-temperature applications for achieving high electrical conductivity
without compromising their mechanical properties, as proven by their application in
glow plugs and heaters [102,103]. Nonetheless, the thermoelectric properties of
SiAION-based ceramics have not been investigated so far. One of the challenges

related to the fabrication of components made of SIALON is due to its relatively poor
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densification during sintering. The most common compaction method is gas-pressure-
sintering which enables reliable reproducibility and improved properties by only
moderate increase of the production costs compared to pressureless sintering [104].

In order to obtain high electrical conductivity in such systems, addition of a
highly conductive secondary phase, e.g. Ti(C,N) [46,105,106] or TiB, [107]has been
extensively studied. Not only a conventional composite approach (i.e. a mechanical
mixture of the 2 phases) has been considered in the literature, but also the possibility of
achieving a ‘segregated network’ consisting of a percolating highly conducting second
phase (e.g. segregated at grain boundaries of the first phase) for optimizing the
thermoelectric properties has been explored as well [108].

Note that according to the models [109-111]for usual multi-component system,
the effective figure of merit (ZTesecive) @and the effective power factor (PFefrecive) CaNNOL
be greater than those of its single constituents, unless interface/boundary effects come
into play and become decisive. In a recent example, creation of the metallic ‘nanoweb
structure’ achieved by partially coating grains of the target material with a metallic layer
tens of nanometer thick, for example, before consolidation by spark-plasma-sintering
delivered a nice example of overcoming the trade off between Seebeck coefficient and
electrical conductivity [112].

Starting from these considerations, we investigated here whether obtaining a
segregated 3D conductive network surrounding insulating (SIAION) or semiconducting
(SiC) particles may result in higher PF (a?c) than a conventional particle reinforced
composite consisting of the very same phases with the same volume fractions (see Fig.
3.1). With this in mind, the goal of this study is to compare the two different composite
approaches and study the temperature dependence of the physicochemical quantities
relevant for thermoelectricity between 300 and 1000 K of TiCN/SIAION and TiCN/SiC

composites having different microstructure designs.

3.2. Sample Preparation and Characterization

In this section, four different sets of samples were prepared. Firstly, for the
particle reinforced composites (PRC), 10 vol.% TiCosNoz (TICN) with an average
particle size <150 nm (Sigma—Aldrich) was mixed to SIAION powder (MDA Advanced
Ceramics Ltd. Eskisehir, Turkey). Secondly, in order to obtain a segregated three-
dimensional network, spray-dried SIiAION granules supplied by MDA Advanced
Ceramics Ltd. (Eskisehir, Turkey) were coated with TiCo7Nos in order to obtain final

compositions analogous to the previous ones (SNC) (i.e. 5 and 10 vol.% TiCo.7No.3).
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Note that in this case, the spatial distribution of the second phase is different compared
to the first composite. Thirdly, commercially available SiC granules (SIKA Densitec-13,
Saint Gobain, Norway) were coated with the same amount of TiCo7Nos. Lastly, The
resulting powders were then dry-pressed with a computer controlled automatic uniaxial
press (Dorst, Germany) under 200 MPa. Two-stage sintering of the SIAION-based
pellets was carried out in a crucible of hexagonal boron nitride using a gas pressure
sintering (GPS) furnace (FCT System GmbH, Germany). The first stage of sintering
was achieved at 2213 K for 60 min under a nitrogen gas pressure of 0.2-0.5 MPa. In
the second stage, both the peak temperature and gas pressure were raised to 2263 K
and 10 MPa respectively, for the same dwell time while the compaction of the SiC-
based pellets was carried out in a graphite mold using a spark-plasma-sintering (SPS)
furnace (FCT Systems GmbH, Germany) at a maximum temperature of 2323 K (dwell
time 10 min) in nitrogen atmosphere. Further details of the preparation route are given
elsewhere [47]. The density of the sintered samples was measured by gas pycnometer
(AccuPyc 1330). Phase identification was performed by x-ray diffraction (XRD) using a
Rigaku Rint (2200-Japan) diffractometer with Ni-filtered Cu-Ka radiation (wavelength =
1.5418 A).

For SEM investigations, the samples were polished by a conventional polishing
method used for ceramic materials. Microstructural characterizations were conducted
by using a Zeiss™ Supra 50 VP scanning electron microscope (SEM) attached with an
EDX detector (Oxford).

The heat capacities of the samples were measured by DSC (NETZSCH STA
449F3), whereas the thermal diffusivities were determined by laser flash technique
(Netzsch-LFA 457) using 10 x 10 x 2 mm?® square samples between 300 K - 1000 K.
The thermal conductivity values of these samples were calculated according to the
equation 2.10.

The Seebeck coefficients and electrical resistivity of the samples were
measured by using an ULVAC ZEM 3-M8 and an Alpha-A high-resolution dielectric
analyzer (Novocontrol Technologies GmbH) (ac voltage 0.3 V, frequency range from 2
MHz to 1 Hz, under Ar atmosphere). The analysis of the impedance spectra was
performed with the commercial software Z-View 2 by Scribner Associates Inc. The

Seebeck measurements were carried out under He atmosphere without
depositing any platinum contacts on the surface of the samples.

The relative uncertainties for the Seebeck coefficient (d4), electrical conductivity

(8s), and thermal conductivity (&«) were evaluated to be 5%, 10%, and 6%,
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respectively. According to uncertainty propagation [88] the uncertainty for the power
factor (dpr) was calculated as &pr = [(204)? + 852]*2 = 14%, and the relative uncertainty
for ZT (dz7) was calculated as dzr = [(284)? + 82 + 8¢?]Y? = 15%. The uncertainty bars

are not visible for the quantities that drawn in log scale.

3.3. Results and Discussion

3.3.1. Comparison of 2 composite approach in TiICN- SiIAION composites

The temperature dependence of the electrical conductivity (o), of single phase
samples and the composites are shown in Figure 3.2 and the temperature dependence
of the electrical conductivity (o), Seebeck coefficient (a), power factor (PF = 0-a?) and
the resulting figure of merit (ZT = PF-T/k) between 300 and 1000 K for SiAION-based
composites are shown in Figure 3.3.

As shown in Fig. 3.3 (a), SIAION is a pronounced electrical insulator and below
600 K it was difficult to obtain reliable electrical conductivity data (at this temperature,
the total resistance of the sample was 8x10” Ohm, corresponding to the upper limit of
the impedance spectrometer used here). Above this temperature, the electrical
conductivity increases according to a thermally activated transport mechanism with an
activation energy of 1.35 eV in reasonable agreement via Ref [35]. On the other hand,
TiCN exhibits very high electrical conductivities (on the order of 10®° Ohm™m™). The
composites have — as expected - conductivity values lying in-between these two
materials.

Nonetheless, a closer look at the electrical conductivity data of the composites
reveals substantial differences among the samples. The specimen containing the
segregate network (SNC-SIALON-10) has a significantly higher electrical conductivity
(by about 5 orders of magnitudes) in a comparison to the particle reinforced composite
containing the same amount of second phase (PRC-10). This can be readily explained
if one considers the electrical transport properties of TiCN: thanks to the achieved
percolating network (see Fig. 3.1 (c-d), its high conductivity dominates also the
electrical properties of the segregated composite (SNC- SiIALON-10). On the contrary,
in the PRC-10 sample, the isolated TiCN particles (10 vol.%) do not allow for a
percolating situation to occur.

Comparative XRD patterns of the all composites were shown in Figure 3.2. The
main phases in the composites are a-SIAION, B-SIAION and TiCN and a little amount
SiC.
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According to the mixing rule, it is worth noting that for the sample containing 10
vol.% TiCN, the effective electrical conductivity is expected to be about a factor of 10
lower than the conductivity of TICN. The fact that the electrical conductivity at 623 K is
80 times lower, is indicative of a non-optimal percolating network, which probably

suffers also from a certain grain size distribution of the host material.

a b
SiAION or SiAION
SiC matrix matrix
TiCN Particle

TiCN segregated

reinforcement
3D network

SiAION

Figure 3.1 (a-b) Schematic microstructural models of the composites investigated in
this study. (c-f) SEM-BSE images of polished surface of the composites: (c)
SIAION (d) PRC-SIALON-10: 10 vol.% TiCN particle reinforced composite
(e) SNC-SIALON-5: 5 vol.% TiCN segregated 3D composite (f) SNC-
SIAION-10: 10 vol.% TiCN segregated 3D network composite.

66



(a) B-SIALON —— SIiAION
] 2N — SNC-SIAION-5
] — SNC-SIAION-10
- 18 — PRC-SIAION-10
=t |
c _
5 |3 =
O b I Z Z O
O | C =z S Z
= =9 < 5
k%) < - 9 «
9 - (=] —
c <
- v
o]
1 | 1 }

30 35 40 45 50

26°
(b). ——TiCN|
5 TiCN
| =
I&"_JN .
<
- |
@]
Q
>
%
c
o
< 7
=
O
-
30 35 40 45 50

20°

Figure 3.2 XRD pattern of TiCN, SIAION and SiC based composites. (PRC:particle

reinforced composite, SNC:segregated 3D network composite).
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Further evidences of effective percolating networks in the SNC samples are
provided by the fact that, the measured electrical conductivity is improved by a factor of
2 when the volume fraction of the segregated TiCN phase is doubled (SNC-10 vs.
SNC-5). The Seebeck coefficient of sample PRC-10 composite becomes progressively
more negative as the temperature increases while it stays almost constant in the SNC-
SIALON-5 and SNC-SIALON-10 samples. Interestingly, the larger TiCN volume fraction
does not provide any substantial improvement in terms of Seebeck coefficient. All
composites considered here exhibit negative Seebeck coefficient values, whose
magnitude is however too low to obtain high thermoelectric power in this temperature
range (Fig. 3.3 (c)). Due to the highly resistive behavior of the SIAION sample in the
low temperature range, it is not possible to acquire reliable Seebeck coefficient data
(Fig. 3.3(b)) for T < 600 K.

Figure 3.3 (d) shows the temperature dependence of the total thermal
conductivity of the samples. The measured thermal conductivity of SNC-SIAION-10 is
slightly higher than of PRC-10. This can be rationalized by considering that the more
homogeneously dispersed second phase in the PRC sample provides more phonon
scattering centers in a comparison to the segregated network of nano TiCN particles.
Furthermore, as a side note, the experimental data reveal the thermal conductivity of
the TiCN sample alone, to show distinctively different behavior compared to other
samples as a function of temperature. As seen in the Fig. 3.5 (d), the reason for this
may be the formation of TiO2 phase during the measurement.

As a consequence of the high electrical conductivity, the power factor (PF) in
the SNC- SIAION-10 composite is also higher than in the PRC-10. Moreover, 5 vol.%
TiCN additions as in the form of a segregate network (SNC- SIAION-5) is enough to
obtain higher PF values than the PRC- SIAION -10 sample. Nonetheless, even if the
PF of SNC- SIiAION-10 is larger than the PF of PRC-10, it is still low to obtain
substantial thermoelectric power generation (Fig. 3.3 (d)).

Likewise, the figure of merit (ZT) for SNC- SIAION-10 is higher than the PRC-10
despite the fact that PRC-10 has much lower thermal conductivity. This is due to the
huge increase of the overall electrical conductivity when TiCN is used as a segregated
network (Fig 3.3(e)).
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Figure 3.6 XRD patterns of SiC based composites.

3.3.2. Applying SNC method on SiC

Since the segregated network strategy (SNC) vyielded better thermoelectric
properties than the particle reinforced composite approach, SiC-based composites
(having better electric transport properties and yet good stability at high temperatures)
were prepared according to the SNC method and their microstructures taken at SEM
given in Figure 3.7. In order to compare the results between SIAION and SiC-based
samples, the same amount of TiCN (i.e, 5 and 10 vol.%) was used.

As expected, SiC alone shows intrinsic semiconducting electrical properties
characterized by increasing electrical conductivity with increasing temperature; it is
2+0.2 S/m at 373 K while it reaches 380+40 S/m at 973 K (Fig. 3.8(a)).

On the other hand, both SiC composites containing 5 vol.% and 10 vol.% TiCN
respectively show extrinsic semiconductor behavior, since below 723-773 K the
electrical conductivity decreases with increasing temperature and above this
temperature range the electrical conductivity is thermally activated (i.e. it increases with
temperature). The electrical conductivity of the composite containing 5 vol.% TiCN
(SNC-SIiC-5TiCN) slightly decreases from 2x10°®° S/m to 1.5x10%® S/m, while it
decreases from 4x10° S/m to 3x10°® S/m for the samples containing 10 vol.% TiCN
(SNC-SIiC-10TiCN) (see Fig.3.8(a)). Note that the addition of 10 vol.% TiCN to the SiC
matrix as a segregated network (o = 240.2 S/m at 373 K; o = 380+40 S/m at 973 K)
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leads to an increase on the electrical conductivity by a factor of about 1900 times at
373 K (0 = 4x10%+4x10? S/m) and factor of 12 at 973 K (0 = 4.6x103+4.6x102 S/m).

The pure SiC has a Seebeck coefficient of 670+33 puV/K at 373 K and shows p-
type behavior as the Seebeck coefficient is positive which is consistent with the value
of additive-free SiC in the literature [113]. As discussed above, TiCN has a negative
and low Seebeck coefficient instead. Interestingly, similar to the case of the segregated
network in SIAION, the overall electrical properties of the material are dominated by
TiCN which causes the composite to exhibit n-type conductivity and lower Seebeck
coefficient. It is worth noting that increasing the amount of TiCN (from 5 to 10 vol.%)
does not significantly affect the Seebeck coefficient values. Although the electrical
conductivity increases with the addition of TiCN to the system, due to the overall lower
Seebeck coefficient values than pure SiC matrix, the PF of the composite is lower than
the one of the matrix alone (Figure 3.8(e)). One should note that if the amount of TiCN
is below 5 vol.% only a partially connecting network might be obtained instead of a
percolating one. The lower amount of TiCN results in higher resistivity and, as the TiCN
amount does not have significant effects on the Seebeck coefficient, an improved
thermoelectric performance cannot be obtained.

Figure 3.8(d) shows the temperature dependence of the total thermal
conductivity of the samples. SiC has a rather high thermal conductivity of 110+6.6 W/m
K at 373 K and 58+3.5 W/m K at 973 K. TiCN has low thermal conductivity which is
15+0.9 W/m K at 373 K. Its thermal conductivity increases up to 723 K as the
temperature increases, however, a very small decrease is observed above this
temperature. The reason for this may be the formation of TiO, in TICN sample at 645 K
(see Fig. 3.5). The addition of TiCN provided a 50 % decrease in the thermal
conductivity at low temperatures since this second phase dominates the overall thermal
and electrical properties of the composites. As the temperature increases, the thermal
conductivity decreases as a result of more pronounced umklapp-processes [114]. Due
to this effect pure SiC and composites show similar thermal conductivity values at high
temperatures.

The matrix material (SiC) exhibits approximately a 120 times higher Seebeck
coefficient than the segregated material (TICN) at 373 K. Although SNC-SIiC-10TiCN
samples have a higher electrical conductivity by a factor of 1900 when compared to the
pure SiC sample, the PF and ZT values of the pure SiC matrix are substantially higher

than those of the composite samples.
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From the comparison between the SIAION and SiC-based composites with the
equal amount of TiCN, one can readily note that the SIAION-based composites have
factor of 2 higher electrical conductivity values at 373 K (and a factor of 1.4 at 973 K)
than SiC based ones. More specifically, SIAION based composites show metallic
behavior while SiC based composites show extrinsic semiconductor behavior (Fig.3.9
(a)). This indicates that TiCN is clearly dominating the system in SIAION based
composites to a larger extent than in the SiC based ones.

As it is expected from the electrical conductivity values, the magnitude of the
Seebeck coefficient is lower by factor of 2 at 373 K and of 3 at 973 K than in the
SIAION-based composites. In both systems, increasing the amount of TiCN has a
beneficial effect on stabilizing the Seebeck behavior (Fig.3.9 (b)). Figure 3.9(c) shows
clearly SiC based composites to have factor of 2.6 at 373 K and 3.6 at 973 K higher
thermal conductivities than SIAION based ones. Changing the amount of TiCN has a
visible effect on the thermal conductivity of SiC based composites, whilst this is not the
case in SIAION based composite system.

As a consequence of the high Seebeck coefficient, the SiC based composites
have a factor of 2 higher PF at 373 K than the SIAION based composites and, as the
temperature increases, this enhancement reaches almost a factor of 7 (Fig. 3.9(d)).
Interestingly, as the thermal conductivity of the SIAION based samples decreases at
low temperatures, SIAION based composites exhibit higher ZT values despite their low
PF in the same temperature range. The ZT parameter of SIAION based composites is
higher by a factor of 2.4 at 373 K and of 3 at 973 K than SiC based ones (Fig. 3.9(e)).
Moreover, in contrast to the SiC samples, the SIAION based compaosites have higher

ZT values than the matrix material as shown in Figure 3.9(f).
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SNC-SiC-10TiCN

Figure 3.7 SEM-BSE image of polished surface of composites (a) SiC (b) SNC-SiC-5
and (c) SNC-SiC-10.
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Figure 3.8 a) Electrical conductivity, o, (b-c) Seebeck coefficient, a, (d) Thermal

conductivity, k, (e) PF (g-a?) (f) ZT measurements of SiC based composites

as a function of T. (The uncertainty bars are not visible for the quantities

that drawn in log scale)

76



(a) E8X103_

4

Electrical Conductivity (1/ohm

—_—
(@]
—

10 e T i T
y S o
LT f e S S G G
3 - S e S S
6x107 Ll
X
3 a L -1
4x10°) © Tl T
I 7-_.-'"""-':—1—2—-’4";
o SNC-SiC-5TiCN L L2
2+ SNC-SIC-10TICN e .+ 4
®— SNC-SIAION-5TIiCN +
2x10° {4 SNC-SIAION-10TICN
511 . b
R G ay e S A ab 0 S S
I T T1

(b) ° .
.

g o * e . .
%. '5_ ‘7_‘"7"'! A& e
~ R S P
& i —— SNC-SiC-5TICN
S 10 i —— SNC-SiC-10TiCN
k5 B & SNC-SIAION-5TICN
2 p i+~ | A SNC-SIAION-10TICN
3 T PR
g 15 R
& 2]

20 B3

400 500 600 700 800 900 1000

300 400 500 600 700 800 900 1000

Temperature (K)

300
Temperature (K)

80 - ——
- ' " [~ SNC-SIC-5TiCN
<704 1] —— SNC-SiC-10TiCN
E | T  —e— SNC-SIAION-5TICN |
S 60 ;. —4— SNC-SIAION-10TICN
~ T A T
> - T T 7
S 504 T N L 4
S 40-
o O
8 30 ) 1
STl B S
© 20 j S
£ 207 ey
5 D B
= 104
'—

O T T T T T T T
300 400 500 600 700 800 900 1000

Temperature (K)
10 . : .
(e) —~— SNC-SIC-10TiCN ;
SNC-SIiC-5TiCN T
o SNC-SIAION-5TICN -
—a— SNC-SIAION-10TiCN X ;
5 ) ? AP
1074 s
N e )
f $ - -
¥\ o ]
0% 1
300 400 500 600 700 800 900 1000
Temperature (K)

Power factor ( W/m KA2) -..Q..'—

—_
S
[«

= SO+ T

i idaaast

&
s

—— SNC-SiC-5TiICN
—~— SNC-SIiC-10TiCN
—&— SNC-SIAION-5TICN -
—4&— SNC-SIAION-10TICN

L

300 400 500 600 700 800 900 1000

Temperature (K)

10°

(f) 1023
1041
107
,51
ST
10701
1072
1073
107

18

8
o -

s

P

—— SiC
4— SNC-SIAION-10TiCN
~— SNC-SiC-10TiCN
—=— SiAION

300 400 500 600 700 800 900 1000

Temperature (K)

Figure 3.9 Comparison of SiC and SIiAION based composites (a) Electrical

conductivity, o, (b) Seebeck coefficient, a, (c) Thermal conductivity, k, (d)

PF (0-a®) (e-f) ZT measurement as a function of T. (The uncertainty bars

are not visible for the quantities that drawn in log scale)

77



3.3.3. Effect of different coating materials on thermoelectric properties in SiC
composites

SiC, B4C and ZrO, were used as a segregated network material for the set of
samples that investigated in this section. Detailed information about processing method
is given in section 3.1. XRD analyses revealed that no reaction phase occurred after
sintering. Back-scattered electron (BSE) images taken from the polished surfaces of
the SiC-based composites are displayed in Fig. 3.10. These micrographs, in which the
contrast results from the different atomic number (Z) of the constituents, revealed that
the preparation of the segregated network by using B4C and ZrO; is partially successful
and it is not surprising not to observe the segregated network in BSE image of SNC-
10SiC-SiC sample, as the matrix and the segregated network are the same material.

SNC-SiC-10B,C

SNC-SiC-10SiC

Figure 3.10 SEM-BSE image of polished surface of composites (a) SNC-SiC-10TiCN,
(b) PSNC-SIC-10B4C, (c) PSNC-SiC-10ZrO, (d) SiC-10SiC (PSNC:
Partially segregated network composite.)
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The temperature dependence of the electrical conductivity (o), Seebeck
coefficient (a), power factor (PF= 0-a?) and the resulting figure of merit (ZT= PF-T/ k)
between 300 and 1000 K for composites are given in Figure 3.11.

As shown in Fig. 3.11(a), TiCN exhibits the highest electrical conductivity (on
the order of 10° Ohm™? m™) below 600 K and B4C exhibits the highest electrical
conductivity (on the order of 10° Ohm™® m™) over 600 K. The SNC-SiC-TiCN and
PSNC-SIC-B4,C composites have, as expected, conductivity values lying in-between
these two extremes. SNC-SIiC-SiC composite has almost the same electrical
conductivity as pure SiC.

A closer look at the electrical conductivity data of the composites reveals that
PSNC-SIC-10B4C composite has pure semiconductor behavior while PSNC-SIiC-
10ZrO, composite shows extrinsic semiconductor behavior (Fig. 3.11a). PSNC-SiC-
10B4,C composite exhibits electrical conductivity on the order of 10° Ohm™ m? below
700 K and 10* Ohm™ m* above 700 K. PSNC-SiC-10ZrO, composite exhibits electrical
conductivity on the order of 10 Ohm* m,

The pure B4C has a Seebeck coefficient of 240 nVv/K at 373 K and shows p-type
behavior as the Seebeck coefficient is positive which is consistent with the value of
additive-free B4C in the literature ref [115]. As B4C has a positive Seebeck coefficient
while the other composites not, the overall electrical properties of the materials are
dominated by B4C, and thus the composite exhibits p-type conductivity behavior and
similar Seebeck coefficient values (Fig. 3.11(b)). The data of pure ZrO: is highly
scattered which is not shown here. However PSNC-SiIC-10ZrO, composite show n-type
behavior according to the Seebeck coefficient values (Fig.3.11(c)).

Although the electrical conductivity increases with the addition of B,C and ZrO;
to the system, due to the low Seebeck coefficient values in comparison to pure SiC
matrix, the PF of the composite is lower than the one of the matrix alone ((Fig. 3.11(e)).
There is no obvious difference between pure SiC and SNC-SIC-10SiC composite
system according to all transport property measurement (Fig. 3.11).

Although SNC-SiC-10B4,C sample has higher PF by a factor of 3.5 than pure
SiC sample at 573 K; the ZT values get smaller while the thermal conductivity of the
sample gets higher.

As SiC and B4C are p-type materials, the composites of them shows p-type
behavior; similarly, as the TiCN is an n-type material, its composite showed the same
type of behavior. As a consequence, by changing the segregated network materials, it

is possible to obtain either p or n type behavior. However, it is important in the SNC

79



method to obtain a 3D network to increase the electrical conductivity, thus optimization

of coating parameters for different coating materials should be carried out in the future.
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3.3.4. Applying the SNC method to SrTiOs

As it was mentioned above, oxide thermoelectric materials have recently
exhibited promising properties mostly related to their durability at high temperature in
air, as well as non-toxicity and low cost [10].

The samples in this section prepared by the segregated network method which
was explained in section 3.1. Instead of SIAION granules, SrTiO3 granules (supplied by
BUCHI Labortechnik AG, Switzerland) have been chosen as a host material. The aim
was to obtain segregated network consist of Lag2SrosTiOs (LSTO) around SrTiOs
granules (Fig.3.12).

Lao 2SrosTiO3 powder was synthesized by solid-state reaction of SrCO3 (>99%,
Sigma Aldrich), La>O3 (99%, Sigma Aldrich), and TiO2 (99.5% Sigma Aldrich). Powders
were weighed in the required stoichiometric ratios and mixed by using ball milling in
ethanol with ZrO, media at 130 rpm for 6 hours. The milled and dried powders were
calcined at 1373 K for 1 hour. SrTiOs granules supplied by BUCHI Labortechnik AG,
Switzerland were coated with LSTO powder in order to obtain three dimensional
network.

In reducing conditions the specimen containing segregated networks (SNC-
STO-LSTO) has higher electrical conductivity (by about 5 orders of magnitude at 885
K) in comparison to pure STO. On the other hand in oxidizing conditions the specimen
containing LSTO has lower electrical conductivity (by about 3 orders of magnitude at
885 K) in comparison to pure STO (Fig.3.13 (a)).

According to Mott formula® carrier concentration is inversely proportional to
Seebeck coefficient which results in an inverse proportionality with electrical
conductivity. Both SNC-STO-LSTO and pure STO samples under reducing and
oxidizing conditions show consistent correlation between Seebeck coefficient and
electrical conductivity according to Mott formula. The SNC-STO-LSTO specimen has
higher Seebeck coefficient, by a factor of 1.9 as compared to pure STO. Interestingly
under oxidized conditions the Seebeck coefficient are roughly the same (Fig.3.13 (b)).

Figure 3.13(c) shows the temperature dependence of the total thermal
conductivity of the samples. The measured thermal conductivity of SNC-STO-LSTO is
lower than pure STO by a factor of 3.4 and 2.1 under oxidizing and reducing

conditions, respectively.
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As a consequence of higher electrical conductivity in the SNC-STO-LSTO
composite, the power factor (PF) is also higher (5 orders of magnitude at 885 K) than

for pure STO under reducing conditions. However no improvement was obtained under

oxidizing conditions although the absolute value of Seebeck coefficient is higher than
the reduced samples (Fig.3.13 (d)).
Likewise, the figure of merit (ZT) of SNC-STO-LSTO is higher than pure STO

under reducing conditions but lower under oxidizing conditions (Fig.3.13 (e)).

Figure 3.12 SEM-BSE images of polished surface of the composites: (a) SrTiOs (b-c)
SNC-STO-LSTO_oxidized (d-e-f) SNC-STO-LSTO_reduced composite.
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Figure 3.13 a) Electrical conductivity, o, (b) Seebeck coefficient, a, (c) Thermal
conductivity, k, (d) PF (o-a®) (e) ZT measurement of SrTiO; based

composites as a function of T. (The uncertainty bars are not visible for

840 860 880

Temperature (K)

820

the quantities that drawn in log scale)

One should note that porosity as well as morphology of the pores affects the
transport properties. La addition prevents densification during sintering in both reducing
and oxidizing conditions. Additionally, the pore structure in reduced samples is

inhomogeneous unlike the oxidized samples. Large pores were observed around the
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granular boundaries and small pores inside the granules under both conditions. There
is a sintered core shell exists and the thickness of sintered core is larger in reduced
samples (Fig. 3.12 (c-d)). In addition, the reducing conditions hinder the grain growth

as well as granular growth which have contribution on increased electrical conductivity.

3.4, Section Conclusion

To sum up, enhanced power factor (PF) and figure of merit (ZT) values have
been achieved between 300 and 800 K in SIAION composites by using TiCN as a
segregated three-dimensional network. The results obtained from these composites
indicate that the achievement of an 10 vol.% electrically conductive 3D network
structure (TiCN) is superimposed to the strongly insulating SIAION matrix by purposely
coating the granules before sintering leads to a significant improvement of the power
compared to the matrix phase.

The results obtained from the SiC-based composites reveal that in the case of a
more conducting matrix material such as SiC, no enhancement of the power factor
compared to the matrix phase is achieved even if TiCN is employed as segregated
three-dimensional network. Moreover, although there is no improvement compared to
the matrix phase, the power factor of the segregated 10 vol.% TiCN network in SiC is
higher than its counterpart having SIAION as the host material by a factor of 3.3 at 673
K and of 6.8 at 973 K while the ZT is almost the same at 673 K and higher by a factor
of 3at 973 K.

The effect of different coating materials on thermoelectric properties in SiC
composites were reported and enhanced PF has been achieved by using B.C as a
segregated three-dimensional network. Although SNC-SiC-10B4C sample has a higher
PF by a factor of 3.5 than pure SiC at 573 K, the ZT values are smaller due to the
increased thermal conductivity.

Enhanced PF and ZT have been achieved under reducing conditions by
applying the SNC method to SrTiO3z with Lag»SrosTiOs constituting segregated three-
dimensional network. Further microstructural analyses such as SEM-EDS are
necessary to explain the chemical composition of the core-shell phase.

Preliminary results revealed that SNC method is applicable for various types of
ceramic materials.

These findings may be useful for future studies aiming at purposefully designing

ceramic microstructures for improving properties of thermoelectric materials.
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4, TUNING THE THERMOELECTRIC PROPERTIES BY GRAIN BOUNDARY
DECORATION IN SrTiOs

4.1, Introduction & Motivation

Since high power factor (PF, defined as a?c) was measured in structurally
layered materials such as the p-type NaxCoO.7, starting a series of investigations on
the thermoelectric properties of other oxides [116—-119]. CaMnO3; was one of the first n-
type materials investigated among perovskite oxides, but only a few studies have
reported ZT values higher than 0.15 [116,120-122]. SrTiO3 (STO) has now emerged?®
as a leading high-temperature n-type oxide thermoelectric [123]. Undoped SrTiO3 has a
high Seebeck coefficient ~850 pV/K at 300 K [124]. Lanthanum doping on the A site of
SrTiOs can show a power factor as high as for Bi;Tes [125,126] and niobium doping on
the B site has raised the high-temperature ZT of SrTiOs; to values around 0.35
[127,128]. A few studies have reported showing an enhanced thermoelectric properties
for oxygen-deficient samples [129,130]. Gregori et al. [131] investigated the effect of
the grain boundaries on both the electrical transport and the thermoelectric properties
of SrTiOs. However, one of the factors limiting the improvement of SrTiOs-based
materials is its high thermal conductivity and its strong temperature dependence [117],
frequently limiting ZT to values <0.2. Thermal transport in SrTiOs is directly correlated
with vacancy concentrations and k can be substantially lowered by cation substitution
and disordered site occupancies [132-134]. Neagu and Irvine [135] proposed a
mechanism of A-site deficiency to introduce oxygen defects and facilitate further
reduction in lattice thermal conductivity (k).

SrTiOs is one of the most studied materials in terms of the effects of different
additives and processing conditions in thermoelectricity. Park et al. [136] achieved ZT
values above 0.30 at high temperature for La-doped SrTiOz using colloidal synthesis
and spark plasma sintering (SPS). Shakabko et.al. incorporated nitrogen into SrTiO3
and detected metallic-like electrical conductivity with negative Seebeck coefficients of
up to S = -465 pV/K at room temperature [137]. Kovalevsky et al. [138] obtained more
modest values with Dy doping. Simultaneous doping by La and Nb and optimizing the
reducing atmosphere yielded ZT values ~0.2 at moderate temperatures [139,140].
Dehkordi et al.[141,142] reported a large improvement of ZT via Pr doping (ZT ~ 0.35).
Kovalevsky et al. [138,143-145] demonstrated the effect of defect engineering and co-
substitutional doping with lanthanide ions (including Dy). The use of highly-reducing

sintering conditions generate Ti®*, oxygen vacancies,
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A-site vacancies and crystallographic shear structures; and enabled increased
ZT values up to 0.42 [138,146]. Backhaus-Ricoult et al. [146] showed the beneficial
effect of inclusions, oxygen vacancies and shear structures of SrTiOs; matrix on thermal
conductivity. Srivastava et al. [147] demonstrated the specific contributions from two
strategies aiming at enhancing the electron concentration: (i) sintering under reducing
conditions (the resulting positively charged oxygen vacancies being electrically
compensated by the negatively charged electrons) and (ii) doping the material with
donors (La or Nb) which are then compensated by electrons. Besides bulk materials,
Ohta et al. [124] extrapolated a ZT of 0.24 at 300 K for a superlattice based on
SrTiO3:SrTipsNbo 2O3. Abutaha et al. [148] obtained a very high ZT of 0.46 at 1000 K in
superlattice structures of Pr-doped SrTiOs-5 (SPTO) and Nb-doped SrTiOs-5 (STNO)
layers. All these studies showed that doping and modifying interfaces play an important
role for tailoring the thermoelectric properties. Therefore, microstructural design,
particularly of interfaces, can be crucial for improving the desired functionality. In order
to increase the ZT parameter, both the electrical conductivity and the thermal
conductivity should be adjusted. Grain boundary engineering is one of the well-known
approaches that has been used in recent years to adjust (e.g., £3 GBs shows the
highest conductivity [149] such properties [150].

The crucial role of boundaries on the overall transport properties especially on
electrical conductivity of SrTiOg3 is the main motivation of this study.

In this context, a clear example of the relevance of boundary properties has
been provided by Lupetin et al., who investigated the grain size effect on electrical
behavior of polycrystalline SrTiO3 [17]. In particular, it was shown that, by decreasing
the grain size, p-type and oxygen vacancy conductivity are depressed whereas n-type
conductivity is enhanced by several orders of magnitude in comparison to a micro-
crystalline sample with the same composition (see Fig. 4.1). Grain boundaries hinder
the transport of positively charged mobile carriers (holes and oxygen vacancies) in
acceptor-doped SrTiOs, while they favor instead the transport of excess electrons
[151].

The grain boundary properties are significantly different if one considers the
situation of donor-doped SrTiOs (e.g. with La replacing Sr or Nb replacing Ti). This is
because, for such compositions, depending on temperature and oxygen partial
pressure, strontium vacancies instead of conduction electrons compensate the positive
charge resulting from the donors [152]. The nature of grain boundaries are resistive

and to explain this resistive behavior different mechanisms have been proposed such
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as trapping of electrons by oxygen diffusion [153], kinetic and space charge effects
[154,155] and formation of acceptor defects in the grain boundary core [156]. The
studies conducted up to now pointed out how the electrical conductivity might be
effectively adjusted by grain boundary engineering. For this reason, in this chapter two
strategies for enhancing the electrical conductivity, and therefore ZT, were
investigated: (1) reduction of grain size (2) lanthanum decoration under oxidizing and

reducing conditions.

Log(c/S cm'1)

Log (P / bar)

Figure 4.1 Conductivity versus oxygen partial pressure for SrTiOs (at T = 544 °C).The
symbols are assigned as follows: (red open squares) bulk micro-crystalline
SrTiOs; (blue open triangles) grain boundaries of the micro-crystalline
SrTiOs; (grey diamonds) nano-crystalline SrTiOs; with the effective grain
size of = 30 nm. The continuous green line illustrates the conductivity

behavior of the micro-crystalline bulk as expected from the literature [11].

4.2. Sample Preparation and Characterization

Nano-crystalline SITiOs powder (Inframat Advanced Materials
(Lot:IAM12308NSTO)) was decorated with 7.2 at% La (which equals roughly a 50%
coverage of the SrTiOs surface by La ions). The grain boundary decoration was
achieved by dissolving the corresponding amount of lanthanum nitrate (La(NO3z)s 6H20)
(Alfa Aesar, 99.8%, metal basis, Lot:) in bidistilled water and by adding the untreated
SrTiOz powder to the solution. The mixture was stirred for two hours by a magnetic
stirrer. Afterwards, the suspension was dried in a rotary evaporator at 80°C and at 100

mbar and calcined at 550°C for 5 hours under N, atmosphere. All nanopowders
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(undecorated as well as decorated) were uniaxially pressed at 40 MPa and then
sintered in air at 1173 K for 1 hour or 1673 K for 10 hours under air or 2%H,-Ar gas
mixture. The pellets sintered at 1173 K had a diameter of about 8 mm, a thickness of
2.5 mm and a density of about 45% of the theoretical value whereas the pellets
sintered at 1673 K had a diameter of about 6 mm, a thickness of 2.5 mm and a density
of about 90% of the theoretical value. The density of ceramics was determined by gas
psychometry (micromeritics AccuPyc 1330)) and also by measuring their weight and
dimensions. For the samples sintered at 1173 K, due to the high porosity, the
geometrical density values turned out to be more reliable than the ones measured by
gas pycnometer.

The X-ray diffraction (XRD) (PANalytical, Netherlands) was employed on
undecorated, decorated and calcined powders as well as on sintered pellets in order to
determine phase purity.

Scanning electron microscopy (SEM) with a field emission gun (Zeiss,Merlin)
was used to analyze the microstructure of the sintered pellets.

Inductively coupled plasma-optical emission spectrometry (ICP-OES) (Vista
Pro, Varian) analyses were employed to determine the Sr/Ti ratio and the impurity
content of the starting powder.

The surface area of the initial SrTiOs; starting powder was determined by
nitrogen adsorption-desorption (quantachrome Autosorb-1 multipoint) in order to
determine the required amount of (La(NOs); 6H.0) to cover (decorate) the SrTiO;
powder.

The heat capacities of the samples were measured by DSC (Perkin Elmer),
whereas the thermal diffusivities were determined by laser flash technique
(Netzsch-LFA 457) between 300 K - 1000 K. The thermal conductivity values of these
samples were calculated according to the equation 2.10

The Seebeck coefficients and electrical resistivity of the samples were
measured by using an ULVAC ZEM 3-M8 and the impedance spectrometer Alpha-A
high-resolution dielectric analyzer (Novocontrol Technologies GmbH) (ac voltage 0.3 V,
frequency range from 2 MHz to 1 Hz, under Ar and O atmosphere). The samples were
equilibrated at the desired pO. for 20 hours before acquiring the final spectrum. The
activation energy of the conductivity was determined from the impedance spectra
acquired every 20°C between 400°C and 600°C at pO; = 1 bar and at pO, = 107 bar.
The analysis of the impedance spectra was carried out with the commercial software Z-

View 2 by Scribner Associates Inc. The Seebeck measurements of the samples
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sintered under air were carried out under O, atmosphere whereas the samples sintered
under 2%H,-Ar were tested under He atmosphere. For these electrical measurements,

platinum electrodes were applied via DC-sputtering on both sides of the samples.

4.3. Results and Discussion

XRD patterns of decorated SrTiOs: powders before and after calcination are
shown in Figure 4.2. They exhibit the characteristic peaks of SrTiOsz. LaNOs3 peaks at
lower angles before calcination are visible which disappears after calcination in the
decorated sample.

Before cal.
—— After cal.

Log(Intensity)

Log(Intensity)

10 15 20 25 30 35 40 45 50 55 60
20/°

Figure 4.2 XRD patterns of decorated SrTiOs; powders before and after calcination

Inductively coupled plasma-optical emission spectrometry (ICP-OES) (Vista
Pro, Varian) was used to determine the Sr/Ti ratio of the 7.2 at % La decorated powder
while the typical impurity content of the commercial nano-crystalline SrTiOs powder
used in this study can be found somewhere else [157]. The analyses revealed a cation
ratio of 49.8 and an amount of La corresponding to 6,9 at%.

As far as porosity is concerned (open or closed), gas pychometry provides data
regarding the closed porosity content and therefore, by comparing the geometrical

density with the gas pycnometry results, the open porosity content could be estimated.
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Table 4.1 summarizes the geometrical and absolute density data of undecorated and
decorated samples sintered under various conditions. Decorated samples have a lower
density than the undecorated ones irrespective of the preparation conditions, which
indicates that the presence of lanthanum on the surface of the starting SrTiOs; powder
particles has a detrimental effect on densification. With regard to the density data of
reduced and oxidized samples, it seems that the sintering atmosphere does not have a
distinct effect on the densification process. As for the absolute density values, the
experimental data reveal that the percentage of closed porosity is similar among all
samples. From the geometrical density values, it can be stated that both decorated and
undecorated nano-crystalline SrTiOs; samples have a similar fraction of open porosity

as expected from the lower sintering temperature.

Table 4.1 Geometrical and absolute densities of undecorated and decorated (7.2 at%
La) SrTiOs samples prepared under different sintering atmospheres.

Sintering Condition

Geometrical Absolute
Samples Temperature Time ) )
density dgeo (%) | density dabs (%)
(K) (h)
Undecorated
UOM 1673 K - air 10 89.2+3.1 95.2+2.0

oxidized micro

Decorated oxidized )
DOM ) 1673 K - air 10 81.3+4.0 98.7+3.1
micro

Undecorated
URM ) 1673 K - 2%H2/Ar 10 89.1+3.2 95.6 +3.0
reduced micro

Decorated reduced
DRM ) 1673 K - 2%H2/Ar 10 79.8+4.4 97.1+5.1
micro

Undecorated
UON o 1173- air 1 469+ 4.7 99.0+8.0
oxidized nano

Decorated oxidized
DON 1173- air 1 40.0+4.1 96.3+8.4
nano

Undecorated
URN 1173- 2%H2/Ar 1 478+ 4.7 94.4+7.9
reduced nano

Decorated reduced
DRN 1173- 2%H2/Ar 1 37.8+4.3 96.2+9.5
nano

SEM investigations clearly showed the effect of sintering temperature,
atmosphere and La decoration on the final microstructure of the sintered samples. The

undecorated reduced micro-crystalline sample has relatively a lower average grain size
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than the undecorated oxidized micro-crystalline sample (see Fig. 4.3 (a) and (b)), which
indicates that the reducing conditions tend to suppress the grain growth during
sintering in the micro-crystalline SrTiO; samples.

Decorated micro-crystalline SrTiO; samples are characterized by a lower
density and the SEM images confirm indeed the presence of a large amount of pores in
the microstructure of these samples (see. Fig. 4.3 (c) and (d)).

Moreover, from the electron microscopy analysis it is apparent that the
decorated micro-crystalline SrTiOs samples have different grain morphology and
smaller average grain size when compared to the undecorated micro-crystalline SrTiOs
samples (Fig. 4.3 (e)-(f) and (g)-(h)). Interestingly, the decorated reduced micro-
crystalline SrTiO3; sample has small pores inside the grains (intragranular porosity) as
well as intergranular pores (Fig. 4.4).

UOM (Undecorated oxidized micro)m URM (Undecorated reduced micro)

|

‘DRM (Decorated reduced micro)

Figure 4.3 SEM-SE image of the SrTiOs samples sintered at 1673 K at two different
magnifications (a-e) Undecorated oxidized (b-f) Undecorated reduced (c-g)
Decorated oxidized (d-h) Decorated reduced (continue).
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UOM (Undecorated oxidized micro) URM (Undecorated reduced micro) H{j]
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Figure 4.3 SEM-BSE image of the SrTiO; samples sintered at 1673 K (a-e)
Undecorated oxidized (b-f) Undecorated reduced (c-g) Decorated oxidized
(d-h) Decorated reduced.

Figure 4.4 SEM-BSE image of the SrTiOs samples sintered at 1673 K (a) Decorated
oxidized (b) Decorated reduced at higher magnification.

Finally, the SEM results are consistent with the density measurements on
undecorated and decorated nano-crystalline SrTiOs indicating highly porous
microstructures as well as nano sized grains (approximately 60 nm) (Fig. 4.5).
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Figure 4.5 SEM-SE image of the SrTiO; samples sintered at 1173 K (a-e) Undecorated
oxidized (b-f) Undecorated reduced (c-g) Decorated oxidized and (d-h)
Decorated reduced.

The microstructure of the samples is of crucial importance for the electrical
transport properties because it the concentration of mobile charge carriers at the grain
boundary is differs from their concentration by orders of magnitude [13].

Figure 4.6 displays a schema predicting the microstructural model of
undecorated and decorated SrTiO; samples after sintering as well as the conduction
pathways according to the brick layer model which is explained in detail in Chapter 1.
In SrTiOz with grain boundary cores positively charged, enhanced n-type conductivity is
observed along the grain boundaries under reducing conditions, while p-type
conductivity as well as oxygen vacancy transport is hindered by the boundaries
meaning that the positive charge carriers migrates mostly across grain interior (bulk). If
instead the excess charge at the grain boundary cores is negative, enhanced p-type

conductivity is expected along the grain boundaries.
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SrTiO,
grain

Decorated
Grain
Boundary

(d) High pO, (oxidizing conditions)

™
0,63

Figure 4.6 Schema of predicted microstructure model (a) undecorated and (b)
decorated SrTiO; samples after sintering and conduction pathways

according to the brick layer model (c) reducing (d) oxidizing conditions.

4.3.1. Effect of La-decoration on the thermoelectric properties of SrTiOs

The temperature dependence of the electrical conductivity (o), Seebeck
coefficient (a), power factor (PF = 0-a?) and the resulting figure of merit (ZT= PF-T/ k)
between 550 and 900 K for undecorated and 7.2 at.% La-decorated SrTiOs sintered at
1673 K (Micro) in the air (oxidized) and 2% H»-Ar mixture (reduced) are summarized in

Figure 4.7 (a-e). In the temperature range considered in this work (550-900K) the
dominant charge carriers in SrTiOz are electrons €, holes h® and oxygen vacancies

V5® since the other defects, namely strontium and titanium vacancies can be

considered immobile and they do not contribute to the electrical conduction
[152,154,158-160].

It is important to note here that the sample prepared under reducing conditions
were measured in Ar or He while the specimens sintered in air were measured under

nominally pure oxygen. Both undecorated and decorated SrTiOz micro-crystalline
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samples exhibit higher total electrical conductivities under oxidizing conditions than
under reducing conditions. Furthermore, the lanthanum decoration decreases the
electrical conductivity irrespective of the atmosphere used during the measurements
(Fig. 4.7 (a)).

Figure 4.7 (b) illustrates the temperature dependence of Seebeck coefficient of
the same samples. Under both oxidizing and reducing conditions, the lanthanum
decoration decreases also the Seebeck coefficient and from its negative values one
can conclude that under reducing conditions both undecorated and decorated samples
are characterized by a n-type conductivity, as expected from the literature [13].

As a result of higher electrical conductivity and larger Seebeck coefficient in
both oxidizing and reducing conditions, the undecorated SrTiOs specimen have higher
power factor than the lanthanum decorated SrTiOz samples (Fig. 4.7 (c)).

Figure 4.7 (d) shows the temperature dependence of the thermal conductivity of
the samples. Decorated samples have lower thermal conductivity than undecorated
ones. The reason appears to be the poor densification in decorated samples
Lanthanum addition suppresses the densification and hinders sintering to the point that
the resulting density is lower than the one of the undecorated specimens. Nonetheless
one cannot exclude that a larger thermal scattering at the boundaries due to the
presence of an aliovalent cation might contribute to decreasing the overall thermal
transport in the decorated SrTiOs. Finally, we note that the reducing conditions have a
detrimental effect on thermal conductivity for both decorated and undecorated samples.

As a consequence, the ZT parameter of the decorated samples is lower than
the undecorated ones as shown in Figure 4.7 (e). Therefore, it is evident that oxidizing
conditions are more favorable for improving the thermoelectric properties of
undecorated micro-crystalline SrTiOs.

The temperature dependence of the electrical conductivity (o), Seebeck
coefficient (a), power factor (PF= 0-a?) and the resulting figure of merit (ZT= PF-T/ k)
between 550 and 900 K for undecorated and 7.2 at.% La-decorated SrTiOs sintered at
1173 K (nano-crystalline) in air (oxidized) and 2% H,-Ar mixture (reduced) are shown in
Figure 4.8 (a-e).

Decorated nano-crystalline samples have slightly lower electrical conductivity
than undecorated samples and under reducing conditions the electrical conductivity
decreases compared to oxidizing conditions (Fig. 4.8 (a)). Figure 4.8 (b) shows the
temperature dependence of the Seebeck coefficient of samples. In oxidizing condition

decorated samples have slightly higher Seebeck coefficient values.
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As a consequence of high electrical conductivity and Seebeck coefficient, the
nano-crystalline samples have higher power factor in oxidizing condition rather than
reducing conditions.

Figure 4.8 (d) shows the temperature dependence of the thermal conductivity of
samples as a function of temperature. Decorated samples have lower thermal
conductivity than undecorated ones due to their low density values.

As a result, for the nano-crystalline SrTiO; samples, the lanthanum decoration
does not provide any improvement of the ZT parameter under oxidizing conditions.
However, under reducing conditions owing to the low thermal conductivity caused by
the lower density, the decorated nano-crystalline SrTiOs samples have slightly higher
ZT values than the undecorated nano-crystalline samples below 825 K. Although there
is eventually no improvement of the ZT parameter in oxidized nano-crystalline SrTiO3
samples, slightly higher Seebeck coefficient values were observed in decorated nano-
crystalline SrTiOs under oxidizing conditions (Fig. 4.8 (e)).
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Figure 4.7 a) Electrical conductivity, g, (b) Seebeck coefficient, a, (c) PF (a-a®), (d)
Thermal conductivity, k, (e) ZT measurement of undecorated (triangles)
and 7.2 at.% La-decorated (squares) SrTiOz sintered at 1673 K (micro-
crystalline) (solid symbols) in air (oxidized) (open symbols) and 2% H»-Ar

mixture (reduced) as a function of T.
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Figure 4.8 (a) Electrical conductivity, o, (b) Seebeck coefficient, a, (c) PF (o-a®) (d)
Thermal conductivity, k, (e) ZT measurement of undecorated (triangles)
and 7.2 at.% La-decorated (squares) SrTiOs sintered at 1173 K (nano-
crystalline) in air (oxidized) (open symbols) and 2% H.-Ar mixture (reduced)
(solid symbols) as a function of T.
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4.3.2. Grain size effect on the thermoelectric properties of decorated SrTiO3;

The temperature dependence of the electrical conductivity (o), Seebeck
coefficient (a), power factor (PF= 0-a?) and the resulting figure of merit (ZT= PF-T/ k)
between 550 and 900 K for nano and micro decorated SrTiO; samples under oxidized
and reduced conditions are displayed in Figure 4.9 (a-e).

The electrical conductivity of nano and micro decorated SrTiOz samples are
almost similar under both reduced and oxidized conditions (Fig. 4.9 (a)). However, the
Seebeck coefficient values of the nano-crystalline decorated SrTiOz samples are quite
high when compared to their micro-crystalline counterparts (Fig. 4.9 (b)). As a
consequence, due to the high absolute Seebeck coefficient values, the highest PF was
obtained in the nano decorated SrTiO; sample prepared and measured under oxidizing
conditions (Fig. 4.9 (c)).

The thermal conductivity of nano-crystalline decorated SrTiOs; samples is rather
low and does not significantly change in the micro-crystalline decorated specimens
indicating that, at least for this composition, the microstructure does affect the thermal
properties. On the other hand, in the micro-crystalline decorated SrTiOs; ceramics,
under oxidizing conditions a lower thermal conductivity was measured when compared
to reducing conditions (Fig. 4.9 (d)). As a result of the lower thermal conductivity and
the higher Seebeck coefficient and similar electrical conductivity values, the resulting

ZT parameter is higher in nano-crystalline decorated SrTiO3; samples (Fig. 4.9 (e)).
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4.3.3. Impedance spectroscopy analyses

Impedance and modulus spectra acquired from nano-crystalline, decorated and
undecorated samples are displayed in Figure 4.10 (oxidized) and Figure 4.11
(reduced). Both impedance and modulus spectra of nano-crystalline samples show one
semicircle with a shoulder at low frequencies. Such a shoulder might be due either to
electrode effects or to the presence of porosity locally hindering the electric transport
(current constriction). It is known that the presence of pores can cause the deviation of
current pathways and leads to an additional resistive contribution, which is visible in the
impedance spectra [161-163]. In this context, Fleig and Maier described [163] that in
poorly sintered ceramics such a resistive behavior results in the appearance of an
additional semicircle in the Nyquist plot that depending on its R and C values (adjust
time constant) can overlap with either the bulk or the grain boundary contribution. The
fit of the impedance spectra was performed by using a single RQ equivalent circuit, in
which the resistor R is connected in parallel with a constant phase element and by
considering only the first half (in the high-frequency range) of the distorted semicircle.
Unexpectedly, such fit yielded values of the dielectric constant (30-35) and electrical
capacitance 2-2.5 pF which are not typical for bulk SrTiO3 (Fig. 4.10 & 4.11).

Impedance and modulus spectra acquired from micro-crystalline, decorated and
undecorated samples are displayed in Figure 4.12 (oxidized) and Figure 4.13
(reduced). Contrary to the spectra acquired from nano-crystalline, the low-frequency
range of such impedance spectra does not seem to be distorted but it exhibits a well-
defined second contribution (Fig. 4.12). Notably, only the impedance spectra acquired
from undecorated oxidized micro-crystalline (UOM) samples consist of only a portion of
a semicircle (Fig.4.12 (a)). Therefore, for such cases, the fit of the impedance spectra
was carried out using an equivalent circuit consisting of a single RQ element. For the
remaining specimens, data analyses were performed by using one equivalent circuit
consisting of two RQ pairs connected series, R. Such fit yields values of the dielectric
constant (90-150) and electrical capacitance 7-15 pF, which were already observed for
bulk SrTiOs [17,164].

The impedance spectra acquired from undecorated reduced micro-crystalline
(URM) sample consists of two semicircles and by fitting with two equivalent circuit
dielectric constant was calculated for bulk and grain boundary (Fig. 4.13 (a)). The
values are 100-120 F/cm and 1100-2500 F/cm for bulk and the grain boundary,

respectively. Contrary to undecorated reduced micro-crystalline sample the impedance
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spectra acquired from decorated reduced micro-crystalline (DRM) sample shows one
stretched semicircle. However, the modulus plot consists of two semicircles which
indicate the presence of two distinct contributions. By fitting with two equivalent circuits
dielectric constant was calculated for bulk and grain boundary. The values are 400-500
F/cm and 1350-2500 F/cm for bulk and the grain boundary, respectively. The dielectric
constant values of bulk is higher than usual values and it is probably due to current
constriction effects resulting from a mixed contribution of bulk and grain boundary
[13,164].
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Figure 4.10 Impedance and modulus spectra collected at 827 K in oxygen; (a) and (b)
undecorated oxidized nano-crystalline SrTiOs, (c) and (d) decorated

oxidized nano-crystalline SrTiO:s.
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Figure 4.11 Impedance and modulus spectra collected at 827 K in argon; (a) and (b)
undecorated reduced nano-crystalline SrTiOs, (c) and (d) decorated
reduced nano-crystalline SrTiOs.
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Figure 4.13 Impedance and modulus spectra collected at 827 K in argon (a) and (b)
undecorated reduced micro-crystalline SrTiOs; (c¢) and (d) decorated

reduced micro-crystalline SrTiOs.

The Arrhenius plot of bulk conductivities of micro-crystalline samples between
714 K and 833 K is shown in Figure 4.14. The activation energy of the undecorated
oxidized micro-crystalline (UOM) SrTiOs is 0.75 eV, which agrees very well with the
calculated activation energy (AE = 0.74 eV) of p-type bulk conductivity of SrTiOs [157].
On the other hand, the activation energy of the n-type conductivity obtained from micro-
crystalline reduced (URM) SrTiOsz is 0.78 eV. The decorated oxidized micro-crystalline
(DOM) and reduced micro-crystalline (DRM) SrTiOz have clearly different activation
energies with values of 1.78 and 1.18 eV, respectively (Fig. 4.14).

The Arrhenius plot of total conductivities of nano-crystalline samples between
714 K and 833 K are displayed in Figure 4.15. The activation energy of the
undecorated oxidized nano-crystalline (UON) SrTiOs is 1.16 eV while the activation
energy of nano-crystalline reduced (URN) SrTiOz amounts 1.31 eV. The decorated
oxidized micro-crystalline (DOM) and the reduced micro-crystalline (DRM) SrTiO3

exhibit clearly different activation energy values of 1.19 eV and 1.25 eV, respectively
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(Fig. 4.15). The reason might be due to the low sintering temperatures employed to
minimize the grain growth during sample preparation resulting in the presence of a

large fraction of residual porosity, which can increase the experimental uncertainties.
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Figure 4.14 Arrhenius plot of conductivities of micro-crystalline samples, undecorated
and decorated SrTiO3; under oxidized and reduced condition.
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and decorated SrTiOz under oxidized and reduced condition.
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4.4. Electron Microscopy Studies

For detailed analyses of the transport properties of the La decorated SrTiOs
samples, it is necessary to determine whether La diffuses into the grain during the
sintering process or if it remains at the grain boundary core. For this purpose STEM
EELS analyses across the grain boundaries were performed as well as STEM and
HRTEM imaging analyses in decorated reduced micro-crystalline (DRM) sample.

Figure 4.16 shows an example of intragranular porosity and stacking faults.
Figure 4.17 depicts the HRTEM images and atomically resolved STEM HAADF images
showing stacking faults along the [100] zone axis of the decorated reduced micro-
crystalline sample. In addition to the stacking faults, the HRTEM image reveals also
that there exist square shaped areas which might have different thicknesses or a
differently arranged lattice (Fig.4.17 (b)). The atomically resolved STEM HAADF
images taken under focus and defocus (39 nm) (Fig. 4.18) from these areas indicated

that these areas correspond porous volumes within the grains.

107



Figure 4.16 (a) STEM HAADF (b) TEM BF images showing the porosity (blue arrows)
faults (red arrows) in decorated reduced micro-crystalline sample (c)
STEM-HAADF image showing the porosity In of SrTiOz powder
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Figure 4.17 (a) & (b) HRTEM images show the porosity (blue arrows) (c) & (d)
Atomically resolved STEM HAADF images showing stacking faults (red
arrows) in decorated reduced micro-crystalline sample.
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Figure 4.18 Atomically resolved STEM HAADF images showing the porosity (dark
contrasted area) in decorated reduced microcrystalline sample according

to (a) focused (b) 39 nm defocused imaging.

To determine the elemental distribution through a grain boundary STEM
HAADF imaging and electron energy-loss spectroscopy (EELS) analyses were
performed. Figure 4.19 shows atomically resolved STEM HAADF micrographs taken
from the grain boundary region. As STEM HAADF images also provide Z-contrast
information (Z being the atomic number), the enhanced brightness suggests La
segregation at the boundary. Electron energy-loss spectroscopy (EELS) line-scan
analyses confirmed the La segregation as summarized in Fig. 4.20 (c) & (d) while the
two-dimensional EELS maps of Fig. 4.21 give a nice spatial rendering of the La
segregation at the grain boundaries. Consistently, as a consequence of the Sr
substitution by La cations, Sr deficiency was also observed at the boundaries.

It is worth noting that according to the resulting excess of positive charge in the
grain boundary core due to La substituting Sr, two distinct charge compensation
situations can occur: (1) an increase of the electron concentration in proximity of the
boundary resulting in an improvement of the n-type conductivity (which is particularly
visible under reducing conditions) or (2) an increase of the negatively charged titanium
vacancy. Since in EELS line scan analyses a Ti deficiency together with the Sr

deficiency was observed at the grain boundary, meaning that the excess positive
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charge due to lanthanum occupying strontium sites is electrically compensated by
titanium vacancies (Section 1.4).

However, even in such a situation, one would still expect increased n-type
conductivity in decorated reduced microcrystalline sample. As the experimental data
do not show an improved n-type transport in the decorated samples, another scenario
needs to be taken into account, namely the formation of a very thing insulation layer
consisting a Ti deficient phase, which blocks the transport.

If one considers both the defect reactions (Section 1.4) and the phase diagram
of La,03-TiO,-SrO, the formation of such a compound is plausible as shown in the left
part of the phase diagram through the red line (Fig. 4.22).

Figure 4.19 Atomically resolved STEM HAADF images showing the La segregation
through the grain boundaries (red arrows) in decorated reduced micro-

crystalline sample.
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(c) Relative composition in decorated reduced micro-crystalline sample.

Figure 4.21 EELS 2D maps (La = blue, Sr = green) in decorated reduced micro-

crystalline sample.

112




Figure 4.22 Schematic representation of a portion of the La,Os—TiO,—BaO-SrO

guaternary-phase diagram [165].

4.5. Section Conclusions

The influence of lanthanum decoration, size effect as well as sintering
atmosphere on the thermoelectric properties of SrTiO3; has been investigated.

The aim of lanthanum decoration was to improve the ZT parameter by
enhancing the thermal scattering at the boundaries and by locally increasing the
electrical conductivity. While the presence of lanthanum was indeed beneficial in terms
of thermal properties as it reduces the thermal conductivity of all decorated samples,
no enhancement of the electrical conductivity was observed. This hinders the
possibility of improving the overall ZT parameter of both micro-crystalline and nano-
crystalline SrTiOsz samples under reducing as well as oxidizing conditions. Such a
peculiar electrical behavior can be explained in terms of La excess as well as Ti
deficiency at the grain boundaries, which were detected during STEM-EELS analyses
in decorated reduced micro-crystalline sample. The presence of a secondary phase,
whose formation is also supported by STEM data as well as thermodynamic
considerations (cf. the phase diagram of SrO-TiO,-La»O3) is most likely the reason of
the electrical conductivity properties of the decorated samples.

The second purpose of this work was to investigate the role of size effect on the

thermoelectric properties.
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In this context, undecorated micro-crystalline samples exhibit higher ZT values
than the undecorated nano-crystalline samples. Even though nano-crystalline
specimens have larger Seebeck coefficient due to their lower electrical conductivity, the
ZT parameter could not be improved through the reduction of the grain size. On the
other hand, decorated nanocrystallline samples present larger ZT values than their
micro-crystalline counterparts, which stem from the higher Seebeck coefficient and the
lower thermal conductivity compared to the decorated micro-crystalline samples.

Finally, it is apparent that, at least for SrTiO3, the electrical conductivity is the
dominant property for the determination of the thermoelectric performances. In the
specific case of La decorated SrTiO; samples, the presence of a secondary phase at
the grain boundaries is the main reason of the lack of improvement of the
thermoelectric performance.

For a deeper understanding of the electrical transport and of the grain boundary
properties, it would be is necessary to carry out a more systematic study in terms of La
amount to prevent the secondary phase formation.

From a more general perspective instead, it is evident that different solutions
needs be considered for simultaneously achieving a decrease of the thermal properties
and an enhancement of the electrical transport. Thanks to the high mobility of the
electronic charge carriers, it would be desirable to identify a decoration approach able
to give raise to a local charge compensation based on an enhancement of the electron

concentration rather than via cation vacancies.
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5. EFFECT OF INTERFACE MODIFICATION ON THERMOELECTRIC
PROPERTIES IN NICKELATE-CUPRATE HYBRID STRUCTURES

5.1. Introduction & Motivation

Most state-of-the-art thermoelectric (TE) materials contain heavy elements such
as Bi, Pb, Sb, or Te and exhibit a maximum figure of merit of, ZT~1-2. On the other
hand, oxides were believed to give rise to a poor TE because of their low carrier
mobility and high lattice thermal conductivity [166]. Since the discovery of the well
conductive p-type material NaxCoO: in its single crystalline form, oxide materials have
been prepared and studied for TE applications [167]. The growth of single crystals is
time consuming and expensive, and such limitations lead to the fabrication of high-
quality epitaxial films of several oxides such as NaxCoO,, CazCo0409 and Nb-SrTiO;
[168-173]. Thin films of oxides are promising as a thermoelectric material, however,
they have not been investigated at the same level of bulk and single crystals [174].
Transition metal oxides (TMOs) are a fascinating class of materials due to their wide
range of electronic, chemical and mechanical properties [175]. Cuprates and nickelates
are particularly important class of transition metal oxides (TMOs) family because they
display a rich spectrum of various competing phases and physical properties [176].

Cu-based compounds, e.g., yttrium barium cuprate YBa>CuzO- (YBCO) [114]
and lanthanum cuprate (LaxCuQO., LCO) [177] are among the best known high-
temperature superconducting (HTSC) materials of the cuprate family. Thermoelectric
properties of Cu-based oxides have also been investigated as well as their
superconducting behavior over the last several decades and in several studies large
Seebeck coefficients have been reported [178-187]. An additional tuning parameter is
seen in the formation of heterostructures and superlattices where interface effect can
play a decisive role on determining the given properties. In semiconductor technology,
with the formation of GaAs-AlxGai-xAs heterostructures and superlattices, a drastic
enhancement of charge carrier mobilities have been observed, In the course of
improved MBE-based technologies for semiconductor, the word &-doping was coined
i.e. thickness of doping layer between intrinsic semiconductor of thickness of a few unit
cell could be proposed.

The development of 8-Sr-doped systems founded initially on semiconductors
[188]. Dingle et al. observed high electron mobilities at room temperature in GaAs-
AlkGai-xAs superlattice structures using modulation-doping [189]. The effect of 8-doping

with Zn on the superconductivity of LaiesSro4sCuQOs-La2CuOs, bilayer films were studied

115



by Logvenov et al. [190]. Baiutti et al. demonstrated the significance of unconventional
heterogeneous doping based on &-doping [191] as well as the key role of cationic
redistribution in the field of superconductivity for La,xSrCuOas+s compounds [192].
Suyolcu et al. investigated the effect of the dopant size on superconductivity in
Lai6A0.4CuO4s—La,CuOy bilayers (with A=Ca, Sr, Ba) [193].

Lanthanum nickelate (LaNiOs, LNO) [194] is a well-known conducting
perovskite at room temperature. Metal-insulator (MI) transitions, antiferromagnetic
ordering and spin glass behavior as well as thermoelectricity have been extensively
studied in the past in bulk as well as thin films samples [52,195-199].

The incorporation of functional oxides into real devices requires a full control not
only of their bulk properties but also of their interfaces [200]. Oxide interfaces are of
interest for their possible superconductive [201,202,75] magnetic [203] and
thermoelectric behavior [95,124,204], at their interfaces novel electronic phases can be
stabilized that are not available in the parent compounds. For instance, Ohta et. al.
reported large electrical conductivity and thermopower in SrTiOz at the interface
between TiO, and SrTiOs in superlattice structures. They suggested that the
extraordinary properties were due to the existence of two-dimensional electron (2DEL)
gas confined within one unit-cell thick interface [124]. In addition, Ohtomo et al. found
an unusual, non-bulk-like charge state formed at LaAlOs/SrTiO; interfaces [95].
Pallecchi et al. measured the field-effect transport and thermoelectric properties of the
2DEL at the LaAlOs-SrTiOs interface in a wide range of gate field values. Their results
shows thermopower oscillations [204].

New developments in the scope of understanding the role of surfaces and
interfaces opened new possibilities for designing nanoscale materials with enhanced
and even novel functionalities [205]. Moreover, as Ravichandrana [206] recently
mentioned, the need for fundamental understanding of material properties is as
important as the ability to develop a scalable and inexpensive manufacturing process
to develop devices and products from these high performance materials [206].
Although there is a variety of deposition techniques available such as atomic layer-by-
layer oxide molecular beam epitaxy (ALL-MBE) is one of the most successful methods
that made it possible to study the properties of interfaces. In this study, we focused on
effect of individual layer thickness and oxygen loss effect on thermoelectric properties
of MBE-grown La,CuO4/LaNiOs heterostructures to understand structure property

relationship at the atomic level.
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5.2. Growth Process & Characterization

Epitaxial superlattices were grown on LaSrAlO. (001) substrates (Crystec
GmbH), using ozone-assisted MBE [78,80]. One of the difficulties in growing the
nickelate-cuprate hybrid structures is that these two materials grow under different
deposition conditions.

Both materials grow at low chamber pressure (~3x10° mbar) but at quite
different temperatures. LaNiOs (LNO)is deposited at low temperatures ~823 °C above
which it decomposes into La;NiO4 and NiO. La,CuOa (LCO), instead, requires higher
temperatures ~903 °C [207]. The MBE-grown process requires a very careful control of
the ratio between the cations being deposited, which is accomplished by opening and
closing of the shutters of effusion cells [78].

For the growth of the samples of the present study, the deposition parameters
of previous works were used [37, 39], namely T=893 K and pressure P=2.5x 10° Torr
(of mixed ozone, molecular and atomic oxygen). After the growth, all samples were
cooled under ozone conditions. Only Sr-&6-doped La.CuO, samples were cooled under
vacuum starting from a temperature T=473 K which ensured no formation of undesired
oxygen interstitial defects in the lattice [78].

Electrical conductivity and Seebeck coefficient were measured as a function of
temperature between 300 K and 900 K, using a Ulvac ZEM-3 M8. Pt contacts were
deposited on the sample by sputtering and resistivity measurements were carried out in
normal mode (NM). The detailed information about normal mode (NM) was given in
chapter 2.

X-ray diffraction (XRD) and X-ray reflectivity (XRR) analyses were performed
both on as grown samples and after the measurement. The detailed information about
the techniques was also given in chapter 2.

A digital Instruments atomic force microscope (AFM) with Nanoscope |l
controller, operated in tapping mode, was used for imaging the surface morphology,
which provided useful information about the quality of the samples.

Four different sets of samples were prepared and measured in this study; single
phase LNO, single phase LCO; bilayer of LNO/LCO and multilayers. The detailed
information about the sample sets are shown in Table 5.1. In this chapter the samples
named as “m (n.//n;)” according to their number of repetition (m) and unit cell (n1, ny).

Three steps were performed for the measurements: the first measurement was
carried out on an as-grown sample in ZEM-3; the second measurement was performed
right after the first measurement cycle, without taking the sample out of the
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measurement chamber (before ozone annealing); the third measurement was run after

annealing under ozone in MBE chamber to re-establish in the samples the as-grown

conditions.

Table 5.1 Information of MBE-grown samples. For the Sr-6-doped sample, 1 ml Sr

indicates the presence of one monolayer of Sr-O atoms (i.e. a Sr-O plane).

Number of Number of Unit cell (u.c.)
Sample Code - -
Repetitions (m) LaNiOs (n1) LazCuOa4 (n2)

18.5 u.c. LCO - 18.5

12 u.c. LCO - 12
6 u.c. LCO - 6
Single Phase 3u.c. LCO - 3
Films 32 u.c. LNO 32 -
16 u.c. LNO - 16 -
8 u.c. LNO - 8 -
4 u.c. LNO - 4 -
1x(8//6) - 8 6

Bilayers
1x(6//8) - 8 6
4x(8/16) 4x 8 6
8x(4//3) 8x 4 3
Multilayers

11x(3//2) 11x 3 2

16x(2//1.5) 16x 2 1.5

Sr-8-doped 3x(1mISr-19mILCO) 3x - 9.5

5.3. Results and Discussion

The first step towards the characterization of heterostructures for our study was
the measurement of the Seebeck coefficient and electrical conductivity on single phase

systems. In the following, the main findings are summarized.
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5.3.1. Single phase films

Single phase LNO and LCO films were investigated to analyze the
thermoelectric properties of single phase films as a function of temperature and film
thickness.

At the end of the growth process we were able to obtain fully epitaxial La,CuQa4
and LaNiOs with various thicknesses (Table 5.1). The corresponding AFM micrographs
shown in Figure 5.1 indicate that the LNO single phase film has a smooth surface,
whose Rps roughness is comparable with the substrate roughness (~0.5 nm). One
should mention that as the films get thinner Rns increases as expected.

5.0 nm 20.0 nm

i

1
Height 5.0 pm 0.0 Height 5.0 pm

25.0 nm 30.0 nm

r 1 r d
0.0 Height 5.0 pm 0.0 Height 5.0 pm

Figure 5.1 The resultant final film surface morphology of LNO single phase films, as
measured by AFM in panels (a), (b), (c), (d). Rms roughness values are
0.228 nm, 0.601 nm, 1.12 nm, 1.01 nm, respectively.

In Figure 5.2, 26 / w XRD full scan of LaNiOs films with various layer thickness
are presented, showing pronounced diffraction of peaks up to (300) index, indicative
high crystalline order in the thinner film in comparison to ultrathin films.
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Figure 5.2 XRD fullscan for (a) 32 u.c. (b) 16 u.c. (c¢) 8 u.c (d) 4 u.c. LaNiOs on
LaSrAlO4(001) (S).

In Figure 5.3 low angle X-ray reflectivity (XRR) analysis of LaNiOs films with
various layer thicknesses are shown. The data simulation was done by using the
Parratt formalism [84] and results in an average period thickness of 66.53 A and
147.98 A to be compared with an expected thickness of 62.56 A and 125.12 A for 16
u.c. and 32 u.c. LNO, respectively. For ultrathin samples (8 u.c. and 4 u.c.), due to the
extremely weak reflecting signal, it was impossible to determine their thickness
experimentally.

Any kind of defect, e.g., vacancies, interstitials, grain boundaries and interface
roughness, as well as intrinsic effects i.e., reduction of layer thickness and an increase
of tensile epitaxial strain leads to a change of the electrical transport properties.

In this chapter we focus on the effect of the reduction of the layer thickness on

thermoelectric properties.
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Previously, different groups found an increase of resistivity when the LNO layer
thickness is decreased [207—-212]. However, all of them are based on low temperatures

experiments (<300 K), whereas here the temperature range of interest is above 300 K.

(a) (b)
10°+ 10° : . ; T
E I 32u.c. LNO 16u.c. LNO
1074 1074
5 10% 5 10°4 ]
O ] 0
& 1077 & 10°]
> 104 2 10*
w ] wn
3 10° g 10°
= 10? = 107
10"+ 10"
00. — T T T T T T T T T ' T T 100 — T T T T T T T T
0.0 05 1.0 1.5 2.0 25 3.0 3.5 4.0 0.0 05 1.0 1.5 2.0 2.5 3.0 3.5 4.0
20/ ° 20/ °
(c) (d)
1055 T T T T T T T 10 T T T T
k| 8u.c. LNO | 7 4u.c. LNO
10"+ 10"
5 10 1 5 108 ]
o 3 1 Qo
5 10°4 | 5 10°4 |
> 104 = 10*]
7] v
g 10°4 1 & 10% 1
£ 1021§ _ £ 1021 ]
10"4 ] 10'4
100- T T T T T T T 1 0 T T T T T T T
0.0 05 1.0 1.5 20 25 3.0 3.5 4.0 0.0 05 1.0 1.5 20 25 3.0 3.5 4.0
20/ ° 20/ °

Figure 5.3 Low-angle XRR scan for (a) 32 u.c. (b) 16 u.c. (¢) 8 u.c (d) 4 u.c. LaNiOz on
LaSrAlO4 (001) (S).

In Figure 5.4., the thermoelectric properties of LaNiOs single phase films having
various thicknesses are shown. The measurements were carried out only once during
heating. The electrical conductivity decreases with decreasing film thickness (Figure
5.4.). The electrical conductivity of structures with different nickelate layer thicknesses
is predominantly metallic as shown by the characteristic increase with increasing
temperature (Figure 5.4.). The nickelate film with 4 u.c. is semiconducting (Figure 5.4).
A transition from metal to insulator behavior in LNO occurs at nearly 4 u.c for our

samples and this is consistent with literature data [210].
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All films have negative Seebeck coefficients which indicate n-type behavior.
Although there is not a clear trend in the Seebeck coefficient as in the case of the
electrical conductivity, it is clear that changing the thickness of LNO layer does not play
a significant role for the behavior of the Seebeck coefficient as a function of
temperature. Moreover no distinct change was observed in Seebeck coefficient and
electrical conductivity when the measurement were carried on 32 u.c. LNO single

phase film during the cooling cycle and also after the repetition step (Fig. 5.5).
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Figure 5.4 (a) Seebeck coefficient (b) Electrical conductivity of LaNiOs with different
layer thicknesses as a function of temperature.
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Figure 5.5 (a)-(c) Seebeck Coefficient, (b)-(d) Electrical conductivity of 32 u.c. LaNiOs

as a function of temperature during heating cooling cycle

The resulting AFM micrograph shown in Figure 5.6 indicates that LCO single
phase film has a smooth surface, whose Rms roughness is comparable with the
substrate roughness (about 0.5 nm). Unlike LNO single phase film, for the LCO

samples, Rms decreases with decreasing film thickness.
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Figure 5.6 The resultant final film topography of LCO single phase films, as measured
by AFM in panels (a), (b), (c), (d). Rms roughness values are 0.822, 0.683,
0.420, 0.329 for the micrograph shown in (a), (b), (c) and (d), respectively.

In Figure 5.7, 26 / w XRD full scan of La,CuO, films with various layer
thicknesses are reported, showing pronounced diffraction of peaks up to (0014) index,
and being indicative of high crystalline order in thinner film in comparison to ultrathin
films.
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LaSrAlO, (001) (S).

In Figure 5.8 a low angle X-ray reflectivity (XRR) analysis of La,CuQOs films with
various layer thickness is shown. The data simulation was done by using the Parratt
formalism measurements in an average period thickness of 187.836 A and 301.04 A
which is to be compared with the expected thicknesses of 157.92 A and 243.46 A for

12 u.c. and 18.5 u.c. LCO, respectively. For ultrathin samples (6 u.c. and 3 u.c.) it was
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In Figure 5.9, the thermoelectric properties of La,CuQO, single phase films grown
with various thicknesses and of polycrystalline bulk La,CuO4 sample are shown. The
measurements were carried out only once during heating. The electrical conductivity

slightly decreases and the Seebeck coefficient increases as the film gets thinner. All
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films exhibit a positive Seebeck coefficient which is an indication of p-type transport.
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Figure 5.9 (a) Electrical conductivity and (b) Seebeck coefficient values of La,CuQ,

with different layer thicknesses as a function of temperature.

As shown in Figure 5.10, both the as-grown samples (solid blue triangle) and
the ozone-annealed (3.3x10° mbar) samples (crossed blue triangle) exhibit similar
electrical behavior within three temperature regions, when the measurement carried
out under oxygen atmosphere (950 mbar); however before ozone annealing (unfilled
blue triangle) sample shows a different behavior.

When the as grown (solid blue triangle) samples are measured under 950 mbar
oxygen (which is less reactive than ozone) the following three regions corresponding to
different electrical conductivity properties are observed. In the first region ranging from
300 K up to roughly 450-500 K the electrical conductivity decreases with increasing
temperature. This corresponds to the interstitial oxygens are excorporated from the
samples with the formation of holes (cf. Equation 1.20) as a consequence of the
reduction of oxygen partial pressure compared to the growth condition (ozone
atmosphere) to the measurement condition (950 mbar O;) (Fig. 1.11). In the second
region above 550 K, La,CuO, shows a structural phase transition from a low
temperature orthorhombic (LTO) (T structure) to a high temperature tetragonal phase
(T structure) The T structure has CuOs octahedra and the T’ has two dimensional
square-planar CuO4 [213]. which allows the incorporation of oxygen to the lattice. Thus,
in the second region ranging between 500 K and 650 K, the incorporation of the
oxygen occurs as an effect of the presence of 950 mbar oxygen and the higher
temperature. The non-monotonicity is ascribed to kinetics effects, which accelerate at

high temperatures. Since a second “desorption temperature point” was reported at 673
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K [214,215] the conductivity decreases again above 650 K (third region) due to an
excorporation of more stable oxygen species from the lattice.

If the measurements are repeated before ozone annealing (unfilled blue
triangle) under oxygen, no abrupt change of both the Seebeck coefficient and electrical
conductivity is observed up to at =550 K most likely because no or less interstitial
oxygen is present in the system. Nonetheless, the change of the electrical properties
during the 2" and 3™ temperature range is still observed, since such changes occur
due to structural phase transformation. Finally if the sample is annealed under ozone
and the measurement is repeated on such an ozone-annealed sample (crossed blue
triangle), a recovery of the first behavior is observed.

When the measurements are carried out under He on ozone-annealed samples
that already includes interstitial oxygens, an abrupt change of the Seebeck coefficient
and electrical conductivity is expected at =450 K. Unfortunately, such a behavior was
not possible to be detected because of a sudden increase of the samples’ high-
resistive behavior (out of the range of the equipment for the measurement) above 520
K.

The observation of the high-resistive behavior also results from the fact that it is
not possible to fill the apical oxygen positions under reducing conditions (950 mbar He
atmosphere).

When the measurements are repeated under He, after the 15t measurement the
Seebeck coefficient increases to 360 uV/K and the electrical conductivity decreases to
9x10* S/m at 300 K. Above 300 K the electrical conductivity stayed almost constant, as
the temperature was not high enough (below 650 K) to see the effect of filling the apical
oxygen positions. Then at 500 K the measurement was stopped due to the thermal

decomposition of the film under reducing conditions (See Fig. 5.11).
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Figure 5.10 (a) and (c) Seebeck coefficient data, (b) and (d) Electrical conductivity data
of 18.5 u.c. La,CuO, as a function of temperature during heating and

cooling cycle.

129



10—
10’
10°
10°
10°
10°
10?
10’
10°

-1

. T . T .
—— 18.5 u.c. LCO_after He
— 18.5 u.c. LCO

Intensity / arb. u.

m il DA

10 20 30 40 50 60 70 80
20/ °

Figure 5.11 XRD patterns after the measurement under He.

5.3.2. Bilayers

LaNiOs-La>,CuO. bilayers were grown and measured to analyze whether the
thermoelectric properties change when one combines the very thin layers of two
phases. The corresponding AFM micrograph shown in Figure 5.12 indicates that the
bilayers (irrespective of the ordering of the two phases) have a smooth surface.

In Figure 5.13, XRD patterns of the bilayers are reported showing pronounced
diffraction of peaks for LaNiOs up to the (300) plane and La,CuO. up to (0014),

indicative for high crystalline order.

15.0 nm

8 u.c LNO/6 u.c. LCO| {16 u.c. LCO/8 u.c LNO

T \ T !
0.0 Height 5.0 pm 0.0 Height 5.0 pm

Figure 5.12 AFM micrographs of (a) LNO/LCO and (b) LCO/LNO bilayers. Rms
roughness values are 0.572 nm, 0.155 nm, for the micrograph shown in
(a) and (b), respectively.
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of the LNO/LCO bilayer.

Figure 5.14(a) depicts the results of low angle X-ray reflectivity (XRR) analysis

The data simulation was performed using the Parratt

formalism and results in an average period thickness of 30.2 A and 89.0 A. while the

expected thickness according to the MBE growth rate was 31.3 A and 78.6 A. For the

LCO/LNO bilayer, an average period thickness of 85.3 A and 33.3 A was obtained from

the simulation whilst the expected thickness according to the growing condition was
78.6 A and 31.3 A.
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Figure 5.14 Low-angle XRR scan for (a) LNO/LCO (b) LCO/LNO bilayers on LaSrAlO,
(001) (S).

In Figure 5.15, the thermoelectric properties of bilayers as a function of

temperatures are shown during heating and cooling cycle for as grown and annealed
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samples. The Seebeck coefficient of both bilayers is negative and its absolute values
are similar to the 8 u.c.LNO single phase film (see Fig.5.4.a) The electrical conductivity
of both bilayers is in the range of 10° S/m which is similar to the 8 u.c.LNO single
phase film as well (See Fig.5.4.b).

Such results reveal that the dominant phase is the metallic phase (LaNiOs) in
the bilayer system. The electrical conductivity and the Seebeck coefficient of LNO/LCO
bilayer is slightly different than LCO/LNO bilayer which might stem from the different
strain relief between the substrate and the first layer.
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Figure 5.15 (a) Seebeck coefficient (b) & (c) Electrical conductivity of LNO/LCO and

LCO/LNO bilayers as a function of temperature.
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5.3.3. Multilayers

LaNiOs-La,CuO. superlattices given in Table 5.1 were grown and measured for
two purposes: to analyze the interface effect on the thermoelectric properties as a
function of temperature and to identify the most convenient layer thickness of 2 phases
in multilayer system. The AFM micrographs shown in Figure 5.16 indicate that
multilayers have a smooth surface and as the individual thickness reduces, Rms
increases.

20.0 nm

<a) Bxia/f3)
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Ir 1
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Figure 5.16 AFM micrograph of LNO/LCO multilayers (a) 4x(8//6), (b) 8x(4//3), (c)
11x(3//2), (d) 16x(2//1.5). Rms roughness values are 0.228 nm, 0.601 nm,
1.12 nm, 1.01 nm, respectively.

In Figure 5.17, XRD patterns of multilayers are reported showing pronounced
diffraction peaks for LaNiOs up to the (300) plane and La>CuO. up to (0014), indicating
high crystalline order.

In Figure 5.18, a low angle X-ray reflectivity analysis of multilayers is shown.
The data simulation was carried out using the Parratt formalism and result in an
average period thickness of 32.1 A and 84.1 A while the expected thickness resulting
from the MBE growth rate was 31.3A and 78.1 A for 4x(8//6). For the 8x(4//3) multilayer

average period thickness obtained from the simulation was 12.2 A and 45.2 A while the
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growing rate indicated 15.6 A and 39.3 A, respectively. The third sample (11x(3//2))
has an average period thickness of 12.7 A and 25.6 A according to the simulation and
an expected thickness of 11.7 A and 26.2 A according to the growth rate. Finally the
16x(2//1.5) multilayer has an average period thickness of 9.2 A and 19.5 A (simulation)
and an expected thickness of 7.8 A and 19.7 A in the light of the MBE growth rate.

In Figure 5.19, the Seebeck coefficient of (8//6) bilayer and 4x(8//6) multilayer
sample as a function of temperature obtained experimentally as well as calculated from
Kirchhoff's law* is shown. The calculated values of the effective Seebeck coefficient
(ae) matched the experimental data rather well, particularly, and unexpectedly, those
acquired from the 4x(8//6). The calculation and experimental data showed that LNO
phase (conductive phase) dominates the system in terms of Seebeck coefficient and
electrical conductivity.

In Figure 5.20, the behavior of the thermoelectric properties of the 4x(8//6)
sample as during heating and cooling is shown. It is worth noting that the 4x(8//6)
sample is the superlattice which has the thickest individual layers.

First of all, this superlattice exhibits negative Seebeck coefficients, whose
values correspond to those of the single phase LNO film. Furthermore, also the
electrical conductivity is similar to the conductivity of the single phase LNO film. As it is
seen in Fig. 5.20, the first measurement (as grown) and third measurement (after
ozone annealing) show the same behavior and there is no sharp change at 450K,
which corresponds to the interstitial oxygen loss. In terms of Seebeck coefficient values
and metallic behavior in electrical conductivity, it is evident that the LNO phase
dominates the electrical properties of the whole superlattice system. Nonetheless,
according to the behavior as a function of temperature, an increase of Seebeck
coefficient and decrease of electrical conductivity similar to single phase LCO were

observed.
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layer(experimental values obtained from XRR). The subscripts A and B refer to different phases A and B.
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5.3.3.1. Effect of Number of Interfaces

In Figure 5.21, the thermoelectric properties of multilayers as a function of
temperatures are shown during heating and cooling cycle. For this set of samples, the
number of interfaces has been increased while the total thickness was kept constant.
Two significant outcomes can be observed from the transport measurements between
300 K and 800 K.

Firstly, as the constituting layers get thinner, a sign change of the Seebeck
coefficient was observed, which might be due to two reasons.

The first explanation refers to a possible cation interdiffusion at the interface In
a previous study, similar hybrid heterostructures grown on LSAT substrates were
proven to have chemically incoherent zones at the interface specially when the number
of interfaces was high [207], The authors also observed a shoulder of on the high-
energy side of the white line of Cu Ls-peak in XAS spectra which was assigned to holes
being present around oxygen atoms resulting from copper substituting nickel. The
formation of holes explains in the present study (i) why the abrupt change in Seebeck
coefficient and electrical conductivity become more visible at 450 K as the constituting
layers get progressively thinner and also (ii) why the thinner the single layers the closer
their behavior gets to the one of the single phase LCO film.

The second explanation regards a metal-insulator transition of the LNO phase
when the thickness of the film reduces (Fig. 5.4 (b)). As according to the Kirchhoff’s
law, the dominant phase is the one with the largest electrical conductive, if the LNO
phase becomes insulating, then the LCO phase naturally determined the electrical
transport properties of the whole system.
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Figure 5.22 STEM images of 4x(8//6)-LCO//LNO sample which were grown on LSAO.

5.3.3.2. Effect of Interstial Oxygens on &-Sr-doped La,CuOQO,

In Lax«SrxCuOs+s compounds, the oxygen content together with the Sr content
plays a key role in tuning their electronic structure. The influence of excess oxygen on
the thermoelectric properties, which was studied by carrying out annealing processes
under different atmosphere in La,CuQ., was discussed in section 5.3.1. As a reminder,
in LCO films an abrupt change in Seebeck coefficient and electrical conductivity at =450
K was observed if the structure contains interstitial oxygen ions.

In vacuum-annealed Sr-6-doped LCO, which does not have interstitial oxygen

ions, no abrupt change was observed at =450 K which is consistent with the results
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obtained from single phase LCO film after the second measurement (Fig. 5.23). There
is a slight increase in electrical conductivity and decrease in Seebeck coefficient
between 450 K and 650 K was obtained, which can be associated with apical oxygen
doping. As it was mentioned in section 5.3.1, such a change might have been seen due
to the formation of holes by filling the oxygen vacancies (cf. Equation 1.20) in chapter 1.
Since it is possible to have interstitial oxygen ions in the system by ozone annealing,
after the first measurement, ozone annealing was carried out on a Sr-6-doped LCO
sample in order to favor the insertion of oxygen into the cuprate lattice. Nevertheless,
no abrupt change was observed at =450 K in this sample either. In addition, the
numerical value of Seebeck coefficient and of the electrical conductivity is similar to
those of the single phase LCO film after the removal of interstitial oxygens. In LCO,
interstitial oxygens diffuse very fast through the a-b plane within the blocks constituted
by apical O and La atoms, and promptly fill any vacancies in the apical positions.
Instead, the diffusion along the c direction to fill a vacancy in the Cu-O plane requires a
much higher activation energy [216,217]. In Sr-6-doped LCO, in which a Sr-O atomic
plane substitutes a La-O atomic plane acts as a negatively charged interface
analogously to a charged grain-boundary case in a bicrystal [218], resulting in an
enhancement of the positively charged mobile defects (particularly holes) in the
adjacent layers [191]. The results indicate that Sr-&-doping creates a layer blocking the

diffusion of interstitial oxygens into the lattice.
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Figure 5.23 (a) Seebeck coefficient (b) Electrical conductivity during heating as a

function of temperature.

Moreover, it was found that there is a perceptible intermixing (=50 A) at the

interface which provides different doping
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levels in Sr-0-doped LCO [191].
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comparison to the single phase LCO films, Seebeck coefficient and electrical
conductivity values (as well as the temperature dependence of transport properties)
show that an overdoped (metallic) region at the interface dominates the system in Sr-&-
doped LCO.

5.4. Summary

In this chapter, the transport properties in La.CuO, and LaNiO; single phase

films as well as their bilayers and multilayers grown by MBE were investigated.
The effect of the thickness of single phase films were studied and, in the LaNiOs; single
phase films, the metal-insulator transition behavior was observed for a film thickness
below 2 unit cells. A thickness effect was not present in La>CuO, single phase films.
Additionally, the effect of oxygen incorporation and excorporation on the thermoelectric
properties was explained in La,CuO4 system.

In multilayers, as the constituting layers get thinner, a sign change of the
Seebeck coefficient was observed. This result is due to LNO becoming insulating for
very small thicknesses while LCO becomes fully dominates the electrical transport
properties. Nonetheless, cation intermixing effects at interface might also play a role.

By comparing the thermoelectric properties of the single phase LCO and Sr-6-
doped LCO film, it is concluded that the transport properties of Sr-6-doped LCO are
modified only if a metallic layer in proximity of the &-doping plane is formed. In LNO-
LCO hybrid structures, there is a critical thickness range for the intermixing: when the
constituting layers get thinner, we observe an abrupt change in the Seebeck
coefficient. In particular, the insulating phase (LCO) becomes more dominant than the
metallic phase (LNO) and this which result as a consequence of the wider region of
intermixing that behaves like blocking sides, as the constituting layers get thinner. It is
expected that intermixing occurs only either as a consequence of layer roughness or
due to thermal diffusion (i.e., time-temperature-dependent migration of the dopant into
the bulk crystal) [192].

Quantitative AFM analyses indicates an increased layer roughness for thinner
films which supports the formation of wider intermixing region as the films get thinner.
To strengthen this hypothesis, detailed electron microscopy studies such as STEM,
EELS etc. should be performed in the future.

In conclusion, although more detailed experiments (such as synchrotron
measurements, soft X-ray analysis, and detailed electron microscopy studies) would be

useful for a deeper understanding of the connection between local microstructure and
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electrical properties, the present results provide helpful insights on the thermoelectric

behavior at the interface of complex oxides.
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6. CONCLUSIONS

This dissertation describes the investigation of microstructural design in
particular through grain boundaries and interface engineering to tailor the
thermoelectric properties of various ceramic materials at intermediate and high
temperatures.

An alternative composite approach which is based on a “segregated network
concept (SNC)” has been proposed to adjust the transport properties of composite
materials. The microstructural design relies on coating microsized insulator granules
(e.g. SIALON) with nanosized conductive powders. Scanning electron images proved
that a conductive three dimensional network around the insulator granules was
successfully obtained. The results of the electrical measurements revealed that in
contrast to the conventional “particle reinforced composite” method, 140 times higher
ZT parameter was achieved by using said alternative approach for SiAION-based
ceramics. In order to establish whether the method is applicable also to other materials,
different matrix materials have been employed.

The second part of this study deal with the decoration of the grain boundaries in
SrTiOsz by addition of a lanthanum precursor. The effect of the grain size
(microcrystalline/nanocrystalline) as well as the effect of the sintering atmosphere
(reducing/oxidizing) was also systematically investigated.

STEM and EELS investigations confirmed the SrTiOs grain boundaries to be
decorated with lanthanum cations. While the presence of lanthanum was indeed
beneficial in terms of thermal properties as it reduced the thermal conductivity of all
decorated samples, no enhancement of the electrical conductivity was observed. As
the electrical conductivity is the dominant property for improving the thermoelectric
performance of a material, such an outcome obviously hindered the possibility of
enhancing the overall ZT parameter of both microcrystalline and nanocrystalline SrTiO3
samples under reducing as well as oxidizing conditions. In the specific case of La
decorated SrTiOs; samples, the reason of such a limited electrical transport was
assigned to the presence of titanium depleted secondary phase at the grain
boundaries.

Even though the results indicated no improved ZT parameter for these samples,
this study showed that the grain boundary decoration is a viable approach for modifying

thermal transport properties and Seebeck coefficient of polycrystalline ceramics.
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Finally, cuprate-nickelate heterostructures grown by molecular beam epitaxy
were studied. The influence of individual layer thicknesses and the effect of oxygen
content were discussed in La,CuO4-LaNiO; multilayers as well as bilayers and single
phase films. The oxygen stoichiometry, which was discussed here in terms of defect
chemistry of La,CuQ., appears to play a key role in defining the final properties of the
heterostructures. The findings (Fig. 6.1) obtained may be useful for future studies
aiming at purposefully designing microstructures for improving and/or understanding

the properties of thermoelectric materials.
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