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Abstract

With the global energy crisis, new methods and devices to decrease primary energy con-

sumption are needed. In many sectors with unexploited exhausted heat where standard thermo-

dynamic cycle such as the Rankine cycle cannot be used, the use of a thermoelectric generator

can produce electricity from waste exhaust heat to increase the efficiency. The state-of-the-

art n-type oxide thermoelectric materials are based on rare-earth doped strontium titanate

(SrTiO3). Alkaline earth titanates have a similar electronic structure. It is then expected that

doped barium titanate (BaTiO3) and calcium titanate (CaTiO3) are potential candidates for

n-type oxide thermoelectric materials. These materials were the subject of numerous stud-

ies, however, studies to make them performant thermoelectric materials are rare. Electrical

conductivity is one key parameter to achieve high thermoelectric performances. Reports of

conductive barium titanate are scarce, and none of them reported sufficient electrical conduct-

ivity for thermoelectric applications. Reports of high electrical conductivity of rare-earth-doped

calcium titanate are even fewer.

Creating oxygen loss and donor doping (e.g., replacing one Sr3+ on the A-site with one La3+ in

SrTiO3) are two common strategies to create electrons and achieve high electrical conductivity

in metal oxides. These reactions are often energetically unfavourable. A high sintering tem-

perature with a low oxygen partial pressure is typically needed to facilitate both oxygen loss

and donor doping. Often sintering is conducted in a reducing atmosphere using a tube furnace

with a limited maximum temperature (typically <1,600°C for conventional tube furnaces). In

this project, a combination of arc melting and spark plasma sintering was specifically chosen to

obtain high electrical conductivity of lanthanum-doped barium titanate and lanthanum-doped

calcium titanate. These two techniques offer extremely high temperatures, high heating/cooling

rates and low oxygen partial pressure. The electronic compensation mechanism via donor dop-

ing, in which the alkaline earth element is substituted by a lanthanum that increases the number

of charge carriers by one electron, becomes favoured over the ionic compensation mechanism

under such conditions, giving rise to high charge carrier concentration. Additional oxygen va-

cancies can be created, further increasing the electron concentrations by two electrons for each

oxygen vacancy. Three families of compositions based on lanthanum-doped barium titanate

and lanthanum-doped calcium titanate were synthesised and characterised. Two families of the
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compositions are designed according to the electronic compensation mechanism via lanthanum

donor doping (general formula LaxBa1–xTiO3 and LaxCa1–xTiO3). In the third family of the

compositions, the lanthanum doping in calcium titanate is charge-compensated by creation of

calcium vacancies (general formula: LaxCa1–(3/2x)TiO3).

X-ray diffraction revealed a complete solid solubility for both LaxBa1–xTiO3 and LaxCa1–xTiO3.

Perovskite structures were observed for 0 ≤ x ≤ 1 with changes of lattice parameters following

Vegard’s law. Compositional analysis using electron probe microanalysis (EPMA), scanning

electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) showed the atomic

ratios of the total A-site cations to the B-site cations (Ti) are close to the nominal ratio of

1:1 in both LaxBa1–xTiO3 and LaxCa1–xTiO3 systems. Inhomogeneous distribution of the two

A-site cations (La and Ba in LaxBa1–xTiO3, La and Ca in LaxCa1–xTiO3) were observed in

some compositions. For lanthanum-doped calcium titanate with A-site deficient doping mech-

anism (LaxCa1–1.5xTiO3), titanium-rich secondary phases were observed, suggesting this doping

mechanism is not favoured under the used synthesis conditions. Exceptionally high electrical

conductivity was achieved in all the three families of compositions. The three systems showed

metallic behaviours from in all lanthanum-doped compositions. Electrical conductivity in-

creased with the doping level (x) until the drop of the sinterability. For lanthanum-doped

barium titanate, the composition of x=0.3 (La0.3Ba0.7TiO3) exhibited an electrical conductiv-

ity of 3,700 S.cm−1 at room temperature, which is the highest electrical conductivity achieved

to date for this family of compositions. A high power factor of 0.6 mW.m−1.K−2 was obtained

at 365 °C in the composition x=0.2 (La0.2Ba0.8TiO3). For lanthanum-doped calcium titanate

with the electronic compensation mechanism, the composition x=0.5 (La0.5Ca0.5TiO3) showed

a high electrical conductivity of 3,200 S.cm−1 at room temperature. The highest power factor

of 0.97 mW.m−1.K−2 was obtained at 270°C in the sample x=0.2 (La0.2Ca0.8TiO3) sintered at

1500°C, which is comparable to the highest power factor values reported in the literature that

were obtained at much higher temperatures (∼740 °C).

This project demonstrates the significant capability of arc melting and spark plasma sintering

for boosting oxygen loss and donor doping to generate electrons and achieve exceptionally high

electrical conductivity in metal oxides. This manufacture approach can be applied to fabricate

a wide range of highly conductive n-type metal oxides.
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Glossary

α : Thermal diffusivity

β : Full width at half maximum

Cp : Heat capacity at constant pressure

D : Density

η : Efficiency

EDX / EDS : Energy-dispersive X-ray spectroscopy

EPMA : Electron probe micro-anayser

Iab : Electric current from a to b

K : Shape factor

κ : Thermal conductivity κ = αρCp

L : Crystallite size

LFA : Laser flash analysis

λ : Wavelenght

NA : Avogadro constant : 6.02214076 · 1023mol−1

Πab : Peltier coefficient of the junction at materials a and b

PF : Power factor PF = S2σ

Qab : Heat transfered from a to b

RA : Ionic radius of the cation A

RB : Ionic radius of the cation B

RX : Ionic radius of the anion X

S : Absolute Seebeck coefficient

Sab : Relative Ceebeck coeffcient of the junction of material a and b

σ : Electrical conductivity

SEM : Scanning electron microscopy

SPS : Spark plasma sintering

t : Goldshmidt’s tolerance factor
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τ : Relaxation time

Tav : Average temperature of the thermoelectric device

Thot : Temperature at the hot side

Tcold : Temperature at the cold side

TGA : Thermogravimetric analysis

XPS : X-Ray photoelectron spectrometry

XRD : X-ray diffraction

WDX : Wavelenght-dispersice X-ray spectroscopy

ZT : Figure of merit ZT = PFT
κ = S2σT

κ
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1 INTRODUCTION, THE
THERMOELECTRIC EFFECTS

1 Introduction, the thermoelectric effects

With the ever-growing concern about the climate crisis, the dependency on fossil fuels is diminish-

ing. It is highly important to develop novel green technologies during such a shift. A significant

fraction of societal energy usage is in either heating or cooling. In 2012 the total global rejected

energy was 340.512 PJ for a total energy consumption of 474.171 PJ. For the industrial sector

only, the rejected energy totalled 54.233 PJ, among the loss 30% was exhaust heat. Depending

on the sector the "quality" of the heat is different, as examples in the residential and electricity

sector, 100% of the exhaust heat is under 300°C, while in the transport sector 54% is higher than

300°C, and in the industrial sector 38% is higher than 300°C [1]. In Germany it was estimated

that among the exhaust heat 8.88 PJ had T ≥ 400°C, 5.543 PJ had T ≥ 600°C, and 2.99 PJ had

T ≥ 800°C [2]. One way to decrease the global energy consumption is to produce electricity with

the heat waste, because the temperatures of the waste are different, different classes of materials

should be developed. Thermoelectric generators are an asset to achieve this aim, while they are

less efficient than e.g. a Rankin cycle, they are less voluminous and could be included in processes

where other thermodynamic cycles could not.

Thermoelectrics can be in two different configurations, as a generator, where a difference of tem-

perature is applied and an electric current is collected, or as a cooler, where an electric current in

applied and a heat flow is produced from the cooler surface to the hotter surface. In both cases,

the number of potential applications is as large as the number of existing heat sources and needs

for cooling. Among others, the heat can be harvested from chipsets, human bodies, car exhaust

gas, radioisotope heaters, power stations exhaust gas, or in cooler configuration it can be use as

portable refrigerators. In 2014, the efficiency of commercially available thermoelectric modules was

less than 10% [3], even if research groups obtained higher efficiency, as example 13.3% at Th =

801.3 K and Tc = 385.8 K with silver antimony lead telluride based modules [4]. Because of their

still limited performances and high costs, the use of thermoelectric generators is limited to a few

applications such as electricity generation from radioisotopes for space exploration [5–7].

There are three thermoelectric effects: the Seebeck Effect, the Peltier Effect and the Thomson
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Effect. The Seebeck effect, as illustrated in Figure 1.1 is described as follows : when a gradient

of temperature is applied on a junction of a material "a" with a non-zero Seebeck coefficient and

a material "b", the carrier diffusivity would generally be higher at the hotter location compared

to the colder location, leading to a gradient of carrier concentration at the equilibrium, resulting

in a difference of electric potential between the hot and the cold side. In the Seebeck effect the

thermal energy at the hot end results in greater kinetic energy of the valence electrons and these

valence electrons migrate more rapidly towards the other (colder) end as compared to the colder

part’s electrons migrating towards the warmer part. At the hot side there is a higher concentration

of electrons above the Fermi energy but on the cold side there are fewer electrons above the Fermi

energy. Electrons go to where the energy is lower so therefore it will move from the warmer end to

the colder end, which leads to the transporting energy and eventually equilibrating the temperature.

-The absolute Seebeck coefficient is defined by [8] :

Figure 1.1: Illustration of the Seebeck effect induced by a gradient of temperature at the junction
of a material "a" and "b". The charge carriers (e.g. electrons or holes) move from the colder to the

hotter side and are collected by the material "b" which closes the circuit.

S =
−∆V

∆T
(1)

Where ∆V is the difference of electric potential and ∆T the difference of temperature. The Seebeck

coefficient or the thermoelectric power represents the ability of a material to produce a difference

of electric potential induced by Seebeck effect in response to a gradient of temperature. The sign of
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the coefficient is determined by the electric charge of the dominant charge carrier, so the coefficient

will be negative for negatively charge carrier like electron and the coefficient will be positive for

positively charge carrier like holes. In practice it is the relative Seebeck coefficient that is measured,

the relative Seebeck coefficient is the Seebeck coefficient of the material and the probes used to

measure ∆V and ∆T . To obtain the absolute Seebeck coefficient, the relative Seebeck coefficient

is subtracted by the absolute Seebeck coefficient of the probes.

The Peltier effect is the opposite of the Seebeck effect, when an electric current is applied on a

junction of a material "a" with a non-zero Seebeck coefficient and a material "b", electrons will

transport entropy and heat would be transported. The Peltier coefficient is defined by the heat

transported from material "a" to "b" divided by the current intensity [9]:

Πab =
Qab

Iab
(2)

With Qab the heat flow transported from the material "a" to material "b" and Iab the intensity of

the electric current through the materials "a" and "b". The Seebeck effect and Peltier effect are

connected together by the Kelvin relationship [9]:

Πab = SabT (3)

With Sab the relative Seebeck coefficient of the junction ab. The third thermoelectric effect is the

Thomson effect. When the Seebeck coefficient of a material is temperature dependent ( dS
dT 6= 0), a

local gradient of temperature would generate a difference of Seebeck coefficient within the material,

if an electric current pass through the material a heat flow would be created through the material

(similar to a Peltier effect when two materials are connected). The Thomson effect is illustrated in

Figure 1.2 and it follows the equation below [10]:

~Q = ∆S ~J (4)
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Figure 1.2: Illustration of the Thomson effect, a gradient of temperature at a material with a
temperature-dependent Seebeck coefficient induces a difference of Seebeck coefficient ∆S, then if

an electric current J is imposed by a generator and pass through the material, it would result in a
heat flow Q.

The thermoelectric generators are based on the Seebeck effect and the thermoelectric coolers are

based on the Peltier effect. Both types of devices are composed of one or several pairs in series of

n-type and p-type thermoelectric materials. When an n-type semiconductor and a p-type semicon-

ductor are connected in the presence of a gradient of temperature, an electric current is generated

by Seebeck effect, as illustrated in Figure 1.3. If an electric current is applied through the n-type

and p-type materials, then a heat flow is produced by Peltier effect and a temperature difference is

created, as illustrated in Figure 1.4.
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Figure 1.3: Thermoelectric generator circuit.
Electricity is created from the movement of

charge carriers of an n-type (electrons) and a
p-type (holes) materials induced by a

difference of temperature.

2

Figure 1.4: Thermoelectric cooler circuit.
Heat flow is created from the electrical

current passing through an n-type and a
p-type materials with a temperature

difference.

A thermoelectric material is characterised, depending on the temperature, by :

• The electrical conductivity σ, which is the product of the mobility of carrier and the density

of carrier.

• The thermal conductivity κ which is the sum of the contribution of the phonons and the

electrons.

• The absolute Seebeck coefficient.

In order to easily compare the performance of a thermoelectric material, two others variables have

been introduced : the power factor PF and the figure of merit ZT. The power factor is simply the

multiplication of the electrical conductivity and the squared Seebeck coefficient [11]:

PF = S2σ (5)

-ZT, the figure of merit is the power factor multiplied by the temperature and divided by the
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thermal conductivity [11]:

ZT =
PFT

κ
=

S2σT

κ
(6)

It is the final application that determines, which of these two variables should be maximised. If

the source of heat can be considered as unlimited, or if the thermoelectric needs to participate to

the dissipation of the heat, the power factor should be maximised. It is highly evident that σ, S,

and κ are not independent, and an improvement of one variable could result in the deterioration of

another. For example, a diminution of the thermal conductivity could be the result of an increase

of the electron-phonon scattering that would also decrease the electrical conductivity. The result

is that it is challenging to tune one of these properties without changing the others. Therefore, in

order to develop a high performing thermoelectric, it is important to not focus on one variable but

to maximise all the parameters.

The efficiency η of a thermoelectric generator for heat harvesting is proportional to the ZT [11]:

η =
Thot − Tcold

Thot

√
1 + ZTav − 1

√
1 + ZTav +

Tcold

Thot

(7)

Figure 1.5 shows the efficiency for different ZT according to Th for Tc = 300 K.
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Figure 1.5: η against Th for different ZT, reproduced with permission from ref [12].

The thesis structure succeeding the introduction about the three thermoelectric effects is as follows,

section two is a literature review covering the current best-performing metals and oxides thermo-

electric in order for the reader to have an overview of common approaches, physic mechanisms

used in the thermoelectric materials field, and the actual performances of the best thermoelectric

materials. Then a review of the alkaline earth titanates SrTiO3, BaTiO3, and CaTiO3 focusing on

the thermoelectric properties and the doping chemistry mechanisms. The review will end with a

summary and a proposed analysis of the current knowledge and the research gap about the n-type

oxide thermoelectric materials; then the approach developed and aims of this project. Next is sec-

tion three with the methodology, followed by three main chapters four, five, and six, each containing

results and discussion; one about the La-doped BaTiO3, one about the La-doped CaTiO3, and one

about La-doped CaTiO3 with A-site deficiency. The thesis is ended with the conclusion and the

future work.
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2 LITERATURE REVIEW

2 Literature review

2.1 Properties and performances of the stats of arts thermoelectric met-

erials

2.1.1 Metal thermoelectric materials

Telluride Historically, the state-of-the-art metal-based materials were telluride-based such as

PbTe or BiTe. The maxiumum ZT for a selection of thermoelectric materials is plotted in Figure

2.1. The material has a layered structure where there is periodic weak Van der waals bond in the c

direction (Figure 2.2). One main effect of these layered structures is a strong anisotropy that affects

the thermal and the electrical conductivity as well as the mechanical properties. Due to the weak

Van Der Waal forces, phonon scattering in the c direction is extremely high and so the thermal

conductivity extremely low, for example around 1.82 W.m−1.K−1 for Tl doped PbTe at RT [13].

Figure 2.1: Plot of the maximum ZT of the state of art thermoelectric materials from 1960 to
2016, reproduced with permission from ref [14].

For these telluride-based systems, a ZT of 1.5 or more have been achieved in several works. For

p-type for example, 1.5 at 773K has been achieved for Tl doped PbTe [13], 1.6 at 721K for Sn doped

GeTe [16], ZT of 1.8 at 850K with Se doped PbTe [17], in 2012 Biswas et al demonstrated a ZT
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2 LITERATURE REVIEW

Figure 2.2: Structure of Bi2Te3 from ref [15], reproduced with permission.

of 2.2 at 900K for 4% mol SrTe doped PbTe synthesised by a melting followed by a spark plasma

sintering (SPS) sintering [18]. N-type examples include: 1.8 at 773K for I doped PbTe [19]. Hsu et

al obtained a high ZT of 2.2 at 800K with an alloy of AgPnmSbTe2+m for m = 10 and m = 18 [20].

Selenide The performances of the telluride systems were surpassed in 2014 when Zhao et al ob-

served in the b axis of a p-type single crystal of SnSe a ZT of 2.6 at 923K [21]. This discovery

has been followed by numerous approaches to produce p-type or n-type SnSe based thermoelectrics.

SnSe is a chalcogenides and so possesses a layered structure (Figure 2.3). While a significant amount

of research has investigated p-type SnSe, the work on n-type SnSe are rarer, possibly because it is

not easy to substitute elements into SnSe, to make an n-type conductor. Duong et al obtained a

ZT of 2.2 at 733K for a Bi doped SnSe single crystal [22] and later Chang et al obtained a ZT of

2.8 at 773K for a Br doped SnSe single crystal [23]. The high cost of single crystal synthesis and

practical application requirements means that polycrystalline materials are needed. The challenge

is to maintain the strong anisotropy of this structure with the material in polycrystalline form be-

cause of the difficulties to keep the crystals in the same orientation. To try to keep the aniosotropy

of the structure, a post treatment sintering with a uniaxial pressure is often applied (Figure 2.4),
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2 LITERATURE REVIEW

Figure 2.3: Chalcogenide structure of SnSe, Sn in grey and Se in red. From ref [24], reproduced
with permission.

such as hot pressing or SPS [25]. Most of researchs on polycrystalline based SnSe do not achieve

a figure of merit much higher than 1.5. Of those that do, Shi et al obtained a figure of merit of

1.7 at 823K with a p-type Cd doped SnSe produced by solvathermal synthesis followed by a SPS

post treatment [25] and Lin et al 1.67 at 823K for Ag doped (SnSe)1–x(SnS)x by melting and hot

pressing sintering [27]. For n-type polycrystalline materials, Chang et al obtained a ZT of 1.2 at

773 with a Pb and Br doped SnSe by melting followed by SPS sintering [28].

Another high-performing p-type is the copper-based chalcogenide CuSe. Two structures exist de-

pending on the temperature, a low-temperature α phase, and a high-temperature β phase (Figure

2.5). When in the beta phase the material is a mixed electronic-ionic conductor and the Cu ion

conduction leads to multiscale disorders that produces liquid like thermal conductivity that is even

lower than a glass thermal conduction. Liu et al obtained a ZT of 1.5 at 1000K for such a poly-

crystalline sample. Olvera et al introduced Indium additions that produced a localisation of Cu+

that increased the electrical conductivity and decreased the already low thermal conductivity, and

reached a figure of merit of 2.6 at 850K [30]. Zhong et al increased the performances by Al dop-

ing in order to increase the orientation of the lamellar grain that results in ZT = 2.62 at 756°C

for Cu1.94Al0.02Se [31]. A peak performance of ZT = 2.3 was achieved during the phase transition

around 380K, in which the temperature of transition can be tuned by substituting Se by Iodine [32].
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2 LITERATURE REVIEW

Figure 2.4: Cross section of hot pressed SnSe polycrystal, reproduced from ref [26] with
permission.

Figure 2.5: a, Unit cell where only the 8c and 32f interstitial positions are shown with Cu atoms.
b, Projected plane representation of the crystal structure along the cubic direction. The arrows
indicate that the Cu ions can freely travel among the interstitial sites. There are two Cu layers

between the neighbouring Se (111) planes. The structure changes to a monoclinic -phase by
stacking the ordered Cu ions along the cubic [111] direction when cooled to room temperature.

From ref [29], reproduced with permission.
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2 LITERATURE REVIEW

One problem of this material is the structural and chemical instability at high temperature, mainly

because of Se evaporation and Cu leakage [30].

2.1.2 Oxide thermoelectric materials

The above metal materials are composed of elements that are rare (Te [33]), toxic (Pb [34], Te [35]),

or with low melting points (Bi [36], Pb [37], Se [38], Sn [39], Te [40]). For an application at high

temperature (e.g. 800°C) these materials are not ideal because they can melt, decomposed or be

oxidised. Oxides, because of their nature suffer less of these problems.

Layered cobalt oxide Until the discovery of oxyselenide, which will be discussed in the Oxysel-

enide BiCuSeO part, layered cobalt oxide was probably considered the most promising p-type oxide

system for thermoelectric applications. Among these, two types are the most distinct : calcium

cobaltate and sodium cobaltate. Calcium cobaltate such as Ca3Co4O9 has a layered structure com-

posed of a succession of rock salt Ca2CoO+
3 separated by a layer of CoO–

2 (Figure 2.6). Likewise

NaxCoO2 is similar, except that the rock salt layer is replaced by one or several layers of monovalent

sodium (Figure 2.7). In regards to the performance and behaviour towards doping, similarities and

differences are both present. Similar to the chalcogenide systems they possess a strong anisotropy,

the Van Der Waals liaison is not favourable for the phonon propagation and this decreases the

thermal conductivity in the c-axis, making Ca3Co4O9 and NaxCoO2 well adapted for epithaxial

thin film. In these materials the dominant charge carrier are holes, and because of the anisotropy

the holes are predominately transported along the CoO–
2 layers. [41]. The maximum figure of merit

for bulk pristine calcium cobaltate with conventional synthesis methods and in the absence of any

post treatment is around 0.2 [44]. To improve this, substitution of several elements have been tried

of which silver is the most interesting. Silver can be used either as a dopant, as a second phase,

or both and each strategy can increase the performances [44]. The best results were obtained for a

composite Ca2.7Ag0.3Co4O9 with 10 wt% of Ag, that gave a maximum ZT of 0.5 at 1000K [45].

As it is an anisotropic material, texturation to decrease the thermal conductivity is a good strategy,

and Kwoon et al achieved a ZT of 0.4 utilising this approach with an undoped composition with
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2 LITERATURE REVIEW

Figure 2.6: Ca3Co4O9 structure, reproduced
from ref [42] with permission.

Figure 2.7: NaCoO2 structure, reproduced
from ref [43] with permission.

a multisheet cofiring technique [46]. For sodium cobalate, the number of layers of monovalent ion

greatly modify the final results, the maximum ZT is only 0.05 for a ratio of Na
Co = 0.5 [47], but 0.78

for Na
Co = 0.85 [48]. In contrast to calcium cobalate, even if the doping improved some of the ther-

moelectric properties, the benefits did not overcome the diminishing of the other parameters and so

did not increases the figure of merit [44]. Like calcium cobalate the fabrication of a composite with

silver as a second phase increase the maximum ZT; a ZT higher than 0.9 at 950K was measured

with a composite containing 10 wt% of Ag [49].

Oxyselenide BiCuSeO The oxyselenide BiCuSeO system is a p-type oxide thermoelectric ma-

terial that overpassed a figure of merit of 1, and has the advantage of being composed of non-toxic

and abundant elements. Studies surrounding this system have their origins in the discovery of the

superconductivity in the F-doped LaFeAsO system [50]. This discovery drove a lot of attention

in similar systems like BiCuSeO and even if no superconductivity was observed, a large Seebeck

15



2.1 Properties and performances of the stats
of arts thermoelectric meterials

2 LITERATURE REVIEW

coefficient has been reported for these ironoxypnictides [51, 52], generating a keen interest for the

oxyselenide oxides. The crystal structure of this system is a ZrCuSiAs type structure that can

be described as a 2D layered structure of an alternation of fluorite like Bi2O2 and Cu2Se2 along

the C-axis (Figure 2.8) [53]. The microstructure, like the crystal structure forms lamellar grain

that followed the directional lattices (Figure 2.9). The microstructure therefore produce aniso-

tropic transport properties [54]. The level of anisotropy is probably the source of the differences in

thermoelectric data, being dependent on the method of densification.

Figure 2.8: Crystal structure of the BiCuSeO from ref [55], reproduced with permission.

The power factor of this system is relatively low, Bi0.925Ca0.075CuSeO achieved 4.74 mW.cm−1.K−2

at 923K , therefore the good performances of the material is due to the very low thermal conductivity

for an oxide (0.9 W.m−1.K−1 at 300K, 0.45 W.m−1.K−1 at 900 K) such that a figure of merit of

0.5 at 923K was observed [54]. To further enhance the performances of the oxide, several strategies

were explored, and because of the low power factor and the already low thermal conductivity, a lot

of research was focused on optimising the carrier concentration, a simple ionic model can be used

to develop and understand doping strategies [57]. A route to increase the performance is by the

introduction of copper vacancies to create more holes according to the following mechanism [58] :

2 BiCu1–xSeO (Bi2O2)2+ + (Cu2(1–x)Se2)2(1+x)– + 2 xV–
Cu + 2 xh+ (1)

In this model, the holes are generated in the (Cu2Se2)2– conductive layer and a ZT of 0.81 at 923K
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Figure 2.9: Microstructure of BiCuSeO from ref [56], reproduced with permission.

was achieved for BiCu0.975SeO [58].

Another approach is by doping with acceptor elements, but because the valence configuration of

Cu is +1, there is no possible doping strategies to increase the holes concentration by substituting

Cu, additionaly only few elements with an negative valence are candidates to substitute Se or O.

Therefore the easiest strategy, and the mostly commonly applied, is the substitution of Bi by an

element with a positive lower valence with the mechanism below :

2 (Bi1–xMxCuSeO) (Bi2(1–x)M2xO2)2(1–x)+ + (Cu2Se2)2– + 2 xh+ (2)

Where M is an element with a valence of +2. In this case, the holes are generated in the Bi2O2

layer and then transferred to the top of the valence band, in the Cu-Se states [57, 59]. Using this

approach, the maximum figure of merit was increased to 0.67, 0.9, 0.76, and 1.1 for a doping with

Mg, Ca, Sr, and Ba element respectively [54,59–61]. Among the chosen elements with a valence of

+2, Pb is of particuliar interest because nanodots were observed. Even if the chemical compositions

of these nanodots are not known [62], these nanodots are sources of phonon scattering, plus it was
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observed that the density of states of the Pb doped BiCuSeO was changed. These effects led to a

maximum ZT of 1.14 at 823K for Bi0.94Pb0.06CuSeO.

As a results of the anisotropy of the crystal structure, the orientation of the grain of a polycrystalline

sample has a significant effect on the final performance of the bulk materials. The orientation of

the grains may be influenced by extrinsic forces. In order to take advantage of the phenomena,

methods were developed to control the grains coherence orientation. For example, Sui et al used

several hot forging steps after a two steps solid states reaction route with Bi0.875Ba0.125CuSeO. In

the perpendicular direction of the deformation, the figure of merit was improved from 1.1 to 1.4 at

923K [63]. This hot forging approach is shown in Figure 2.10.

Figure 2.10: Pictures and draw of the texturation process by hot forging, from ref [64], reproduced
with permission.

ZnO ZnO is also a well-studied material largely due to its band gap in the UV region around

3.3 eV [65], proving particularly useful for opto-electric and sensor devices, ZnO and SrTiO3 are

the two state of art n-type thermoelectric materials. This interest in sensor developments is what

helped direct research towards its potential thermoelectric properties. ZnO also has the advantage

of having good chemical and thermal stability in air, up to 750°C at least [66]. It is also relatively

cheap, non-toxic, and the methods to produce it as a stable thin film are well established. N-type

ZnO semiconductors have been easily produced by Al doping [67–71] but the best ZT obtained were

below 0.2, with 0.17 at 600K for Zn0.97Al0.03O [71]. Ni doping reduced the grain size and increased

both the electrical conductivity and the Seebeck coefficient, reaching a PF of 1.76 ·10−3W.m−1.K−2

at 800°C compared to 0.62 · 10−4W.m−1.K−2 for undoped ZnO [72]. Sb doping also decreased the
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grain size, not full dissolution and the formation of a secondary phase was also observed, the PF was

increased but was lower than Ni doping with 3.88 · 10−4W.m−1.K−2 at 1073K [73]. Performances

by using Sn as a co-dopant with Sb were superior with 1.15 ·10−3W.m−1.K−2 at 800°C [74]. Ti / Al

two dopants approach also increased the PF compared to Al only, 3.8 · 10−4W.m−1.K−2 compared

to around 2.05 · 10−4W.m−1.K−2 at 800°C [75].

The best couple of co-dopants was Al and Ga, Ohtaki et al obtained a ZT of 0.47 at 1000 K and 0.65

at 1247 K with the composition Zn0.96Al0.02Ga0.02O in 2009 [76]. This was the highest ZT reported

for an n-type oxide thermoelectric, only equaled in 2017 [77], and surpassed in 2021 by SrTiO3 based

oxide [78], discussed in the next subsection. Ou et al induced bandgap narrowing in several oxide

semiconductors by arc melting processing, with ZnO among the studied oxides [79]. They suggest

that the arc melting process can immobilize metastable phase and highly concentrated defects, they

observed an increase of defects by high-resolution TEM without change of the crystal structure and

a reduction of the bandgap from 3.32 eV to 2.5 eV. They also observed similar behaviour for Cu2O,

Y2O3, ZrO2, Nb2O5, In2O3, SnO2, CeO2, and WO3.

2.2 Properties and defect chemistry of ABX3 alkaline earth titanates

Donor doped SrTiO3 Donor doped SrTiO3 is an n-type oxide thermoelectric with a cubic

perovskite structure (Figure 2.11) at room temperature that has accumulated a lot of interest. All

of the elements are abundantly present and non-toxic, plus it possesses a high melting point around

2000°C, which allows it to be used at very high temperatures. Perovskite is a crystal structures

with the chemical formula ABX3, where A is the biggest cation, B the smallest cation and X the

anion such as CaTiO3, SrZrO3, or BiScO3. To predict which crystal system would be adopted, the

Godlshmidt’s tolerance factor has been introduced [80] :

t =
RA +RX

(RB +RX) ·
√
2

(8)

where RA, RB and RX are the ionic radius of the A cation, the B cation and the anion X respectively.

It has been empirically determined which crystal structure is favoured according to the value of t
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in Table 2.1 [81].

Table 2.1: Theoretical crystal structures from the Godlshmidt’s tolerance factor.

>1 Hexagonal or Tetragonal
0.9-1 Cubic
0.71-0.9 Orthorhombic/Rhombohedral
<0.71 Different structures

Figure 2.11: Example of a perovskite structure : SrTiO3 at high temperature, Sr in green, Ti in
blue, and O in red. From ref [82], reproduced with permission.

Like many metal oxides the oxygen content is a key factor, especially for the electrical conductivity

and the effective mass. The conduction band of the SrTiO3 came from the degenerated Ti 3d− t2g

orbital and the large Seebeck coefficient is attribuated to this degenerancy [83, 84]. The electronic

structure is similar to the other alkaline earth titanates and explains their similar transport proper-

ties [85,86]. When the proportion of oxygen vacancies is increased an enhancement of the electrical

conductivity is observed. Studies attribute these enhancements to the increase of the number of

free electrons and the modifications of the density of state of the materials. [87,88]. An ionic model

is described below:

O×
O 2 e′ + 1

2 O2 + VO (3)
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2 Ti×Ti + 2 e′ 2 Ti′Ti (4)

The creation of an oxygen vacancy is accompanied by the reduction of two Ti cations and two

electrons fill the conductive band. This mechanism has been highlighted several times by XPS

and X-ray absorption fine structure, where the ratio Ti3+ /Ti4+ is up to seven times higher for

samples sintered or annealed in inert or reducing atmosphere compared to the air [88, 89]. To

take advantage of this mechanism, the sintering or an extra annealing step in inert or in reducing

atmosphere is often used to produce doped SrTiO3 for thermoelectric applications. In order to

decrease the oxygen partial pressure, carbon burial sintering can be used (Figure 2.12) in which the

pressed pellets are covered by graphite. Carbon burial sintering in argon flow can produce doped

SrTiO3 with over a tenfold increase of the conductivity compared to when produced when sintered

in argon flow alone [88]. If undoped, the materials remains an insulator and can be easily tuned

into a n-type semiconductor or metal by substituting a cation. When doping the A-site, the chosen

dopant is generally a rare earth that act as an electron donor. The use of rare earths is consistent

with the classical n doping strategy to increase the number of carrier by substituting Sr2+ by R3+

as described below :

La2O3 + 2 TiO2 2 LaSr + 6 O×
O + 1

2 O2 + 2 Ti×Ti + 2 e′ (5)

Different rare earths and other dopants have been explored [90–93]. As expected, the choice of the

rare earth plays a key role in the final properties and seems to be directed by the ionic size [94,95].

Low thermal conductivity is achieved with small ions, like Gd, Dy, or Y. This is easily explained

by the smaller the ion size, the more the difference with Sr, then this difference increases the

lattice distortion that increases the phonon scattering. Similarly, a high power factor is achieved

with larger rare earth like La or Nd. To combine these two effects Liu et al tried two elements

doping in the A-site and achieved a figure of merit of 0.31 at 973K for Sr0.8La0.18Yb0.02TiO3; with

single doping, La and Nd doping provided the highest figure of merits (around 0.25 at 1000K for

a replacement of 20% of the Sr). Therefore the two elements doping for the A-site approach has
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Figure 2.12: Schematic representing the carbon burial sintering, sample covered by graphite and
placed in the crucible.

driven most of the studies for doped SrTiO3 thermoelectrics.

The effect of an A-site deficiency has also been studied [89,96–99]. The evidence of the formation of

the A-site vacancies have been confirmed by atomic resolution with aberration correction TEM using

a high-angle annular dark field where A-site vacancies have been observed without ordering [89,100].

This mechanism is relatively simple when the sample is prepared in air. However, the chemistry

produced in a reducing atmosphere is more complex due to the interaction between the oxygen

vacancies and Ti3+, facilitating the direct compensation of La3+ [100], and in a reducing atmosphere

an exsolution of TiO2 was observed at 1000K, this suggests that in a reducing atmosphere, a lower

content of A-site vacancies are formed compared to when in air [101,102].

Besides A-site doping, Ti substitutions have been widely studied too, especially with niobium doping

that also acts as electron donor [103–109]. Nb doping achieved high figure of merit such as 0.38 at

1000K by Srivastava et al for Sr0.8La0.06Nb0.2Ti0.8O3 with the addition of iron nitrate solution to

the synthesized powder to produce metal inclusions in the final bulk material. Ohta et al compared

La and Nb doping, they found that La achieved both higher power factor (23 · 10−4W.m−1.K−2 for

La and 20 · 10−4W.m−1.K−2 for Nb) and higher figure of merit (0.08 for La, 0.06 for Nb) at RT

compared to Nb doping [109]. They focussed on the carrier concentration when investigating Nb

doping, they observed that the carrier concentration to be proportional to the Nb concentration,

22



2.2 Properties and defect chemistry of ABX3
alkaline earth titanates

2 LITERATURE REVIEW

the highest ZT was 0.37 at 1000K for SrTi0.8Nb0.2O3 [107].

Lu and et al obtained the highest performance for single doped material without making a com-

posite material for the system Sr1–1.5xLaxTiO3 for x = 0.15, that correspond approximately to

Sr0.775La0.15Ti4+
0.86Ti3+

0.14O2.93, with a maximum figure of merit of 0.41 at 973 K by combining A-site

vacancy and a reduction in N2(95%)/H2(5%) atmosphere [100]. This improvement came from both

a high electrical conductivity around 2400 S.cm−1 at 473K and a relatively small thermal conduct-

ivity, around 5.85 W.m−1.K−1 at 473K. An even smaller thermal conductivity has been observed

by Popuri et al with Sr1–xLa0.67x�0.33xTiO3 were � is the symbol for vacancies, in which a glass-

like behaviour was observed at x = 0.8 that represent A-site vacancies of 27% [96]. This led to a

decrease in 80 % of the thermal conductivity at 323K and 60% at 823K. Unfortunately, these A-site

vacancies also decrease the power factor and the maximum figure of merit remained at 0.3 which

is comparable to several other studies without A-site vacancies. It is worth mentioning that if the

power factor would not have changed, the figure of merit would have reached 0.6 [96]. The highest

figure of merit for doped SrTiO3 without the addition of a foreign material has been achieved by

Wang et al with Nb and La co-doping nano powder produced by hydrothermal synthesis followed

by cold isostatic pressing and carbon burial sintering (Figure 2.12), in this approach the pressed

oxide powder is covered by graphite in the crucible before sintering to increase the reduction during

the sintering. They achieved the best performance with La0.1Sr0.9Nb0.1Ti0.9O3 with a ZT = 0.65

at 1100K, the high performance is attributed to the grain structure. The main phase having a

grain size between 1-5 µm and a second phase consisting of TiO2 grains containing SrTiO3 nano

inclusion forming a TiO2 SrTiO3 heterostructure. It is postulated the second phase may have a

contribution to the phonon scattering and low energy electron filtering that promote relatively low

thermal conductivity and high absolute Seebeck coefficient without lowering the electrical conduct-

ivity too much. In addition, the relatively high doping content induced a high carrier concentration

and lattice distortion that promoted the thermoelectric performance.

The highest figure of merit for a SrTiO3 based material was reported by Acharya et al in 2021 [78]

with a composite of SrTi0.85Nb0.15O3 + 0.5 weight% of graphite powder. The addition of graphite

significantly increased the electrical conductivity by increasing in the electron mobility. The carrier
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concentration remain unchanged and the Seebeck coefficient was almost unaffected resulting in a

significant increase in the power factor. Whereas the electronic contribution of the thermal conduct-

ivity increased with the graphite content, the graphite inclusion significantly decreased the phonon

mean free path and the lattice contribution of the thermal conductivity, resulting in a figure of merit

15 times higher than SrTi0.85Nb0.15O3 without a graphite addition, they observed a ZT of 1.42 at

1050K, this value is a huge gap with all of the other ZT reported in the literature and yet no other

group reported similar results. In 2022, similar work was done with La0.07Sr0.93Ti0.93Nb0.07O3,

the highest figure of merit was observed with 1 wt% of graphite with a ZT of 0.68 at 980K [110].

Besides the effect of the chemical composition or the gas atmosphere, work has been done to find a

superior method to the conventional solid-state and sol-gel method to produce polycrystalline bulk

materials. Due to the SPS capability to have a low, or even no grain growth during sintering, SPS

post-treatment is a widely utilised method to produce high-quality thermoelectrics. Much research

has been done with solution combustion processing to produce nanocrystalline powder and a SPS

step to produce highly dense bulk thermoelectric oxide materials [111–118]. With this approach,

Kikuchi et al and Park et al obtained a maximum ZT of 0.37 with La0.08Sr0.92TiO3 at 1045K, and

La0.09Sr0.91TiO3 at 973K respectively [119,120].

Numerous applications such as on-chip cooling require the thermoelectric materials to not be a

bulk but a thin film [121]. Efforts have been made to produce thermoelectric doped SrTiO3 thin

films, and observed the effect of the doping on the oxygen vacancies [107,111,122–125]. Kozuka et

al observed an enhancement in the electron mobility with SrTiO3 thin film when the doped layer

thickness is decreased where an enhancement of the electron mobility is observed [126]. A large

Seebeck coefficient was observed by Ohta et al in a two-dimensional electron gas in SrTiO3 through

producing an electron confinement by making a SrTiO3/TiO2 heterointerface via thin film depos-

ition. The maximum Seebeck coefficient reached a value of 1050 µV.K−1 and the best calculated

figure of merit was 2.4 at 300K, but this value was only at the heterointerface and the figure of

merit of all the material, including the barrier layer, was 0.24 at 300K.

24



Table 2.2: Summary of the thermoelectric properties of some doped SrTiO3 from the literature. Data partially taken from ref [127], data taken
graphically from the publications if not written in the text by the authors, when not included in the publications the power factor σS2T where

calculated with the values obtained graphically. *Text claims at 1000K but figures show at 1100K.

Composition Mechanism σ (S.cm−1)
at low T

σ (S.cm−1)
at max ZT

S (µV.K−1)
at max ZT

PF (mW
m−1K−1)
at max ZT

K (W.m−1

.K−1)
at max ZT

ZT max refs

Sr0.775La0.15TiO3

Defective perovskite lattices
containing conditions of
A and O site vacancies

2335 (200°C) 404 -168 1.140 2.65 0.41 at
973 K [100]

La0.08Sr0.92TiO3

SPS at 1573 K for different
holding times. Sample sintered
for 5 min shows highest zT

3025 (RT) 166 -238 0.9403 3.03 0.37 at
1045 K [119]

La0.09Sr0.91TiO3

Nanostructured bulk prepared
from the nanoparticles of La-doped
SrTiO3 by SPS

371 (50°) 281 -204 1.1694 3.02 0.37 at
973 K [120]

La0.1Sr0.9TiO3 With 20 wt % nanosized Ag 105 (65°C) 101 -241 0.5866 1.67 0.30 at
883 K [128]

La-doped SrTiO3

With a Brij-S10 surfactant molar
ratio of 0.1 in the SrTiO3 film with
mesoporous structure

3.36 (50°C) 2.72 +947 5.2008.10−4 4.66 0.03 at
473 K [129]

SrTi0.8Nb0.2O3
Mesoporous SrTiO3 films
with Brij-S10 surfactant N/A 24 -156 1.10−4 6.10−3 0.04 at

300 K [130]

La0.08Sr0.92TiO3
Carbon-burial sintering for
bulk sample preparation 142 (45°C) 85 -272 0.6299 3.37 0.2 at

1100 K* [131]

YSZ-SrNb0.15Ti0.85O3
Nanoinclusion of yttria-stabilized
zirconia (YSZ) 1898 (RT) 350 -135 0.6267 2.67 0.21 at

900 K [132]

SrNb0.1Ti0.9O3

Sr site vacancies, prepared
by high-energy ball milling, followed
by carbon burial sintering

1179 (50°C) 169 -192 0.6 3.1 0.21 at
1100 K [133]

SrNb0.15Ti0.85O3 + TiO2

Nanosized titania on the
strontium titanate grains using
liquid-phase deposition approach

1575 (RT) 493 -160 1.2856 3.5 0.33 at
900 K [134]

La0.1Sr0.9Nb0.1Ti0.9O3
Nanoscale modulation doping and
microstructure controlling approach 413 (RT) 200 -286 1.6473 2.78 0.65 at

1100 K [77]



Composition Mechanism σ (S.cm−1)
at RT

σ (S.cm−1)
at max ZT

S (µV.K−1)
at max ZT

PF (mW
m−1K−2)
at max ZT

K (W.m−1

.K−1)
at max ZT

ZT Max ref

Sr0.8La0.18Y0.02TiO3

Doped with large ions of La
and simultaneously, slightly
codoped with small ions of Y

790 (50°C) 290 -174 0.8778 2.96 0.31 at
1023 K [95]

Sr0.8La0.06Nb0.2Ti0.8O3 Inclusion of Cu 1000 (RT) 584 -144 1.21 3.19 0.36 at
900 K [135]

Sr0.8La0.06Nb0.2Ti0.8O3 Inclusion of Fe 763 (RT) 391 -167 1.09 2.98 0.38 at
1000 K [135]

La0.1Dy0.1Sr0.75TiO3 Sr-deficient SrTiO3 ceramics 233 (50°C) 87.6 -291 0.74 1.92 0.29 at
723 K [99]

La0.1Dy0.1Sr0.75TiO3
Sr and O vacancies
in SrTiO3 ceramics 283 (100°C) 130 -239 0.8022 3.01 0.19 at

723 K [136]

SrTiO3 + La0.1Sr0.9Nb0.2Ti0.8O3
Composite of pure and doped
SrTiO3 with a molar ratio of 1:1 309 (50°C) 150 -246 0.878 2.57 0.35 at

1000 K [137]

La0.05Sr0.95Nb0.05Ti0.95O3
Synthesized under various
reducing atmospheres 205 (RT) 185 -113 2.37 4.98 0.22 at

473 K [88]

La0.05Dy0.05Sr0.9Ti0.95Nb0.05O3
Sythesized by mechanical alloying
and carbon burial sintering 2088 (RT) 274 -166 0.7555 2.97 0.28 at

1100 K [138]

SrTi0.85Nb0.15O3
Formation of a nanocomposite
by graphite powder addition 1100 (RT) 1210 -186 5.4 3.11 1.42 at

1050 K [78]
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Donor doped BaTiO3 BaTiO3 is a similar system to SrTiO3, and is a well-studied material.

Most studies are focused on dielectric [139] and ferroelectric properties [140,141] as there are many

possible functional applications, for example piezoelectric [142] and capacitors [143]. However,

unlike SrTiO3, very few papers were published in the field of thermoelectric for doped BaTiO3.

Like SrTiO3, BaTiO3 has the advantage to be constituted from non-harmful, relatively cheap and

abundant elements.

The mechanism responsible for the change of the conductive properties (from isolating to semi

conductor) has been controversial. Several studies proposed that equilibrium mechanism for donor

doped BaTiO3 is the formation of Ti vacancies and so requiring a Ti-rich phase [144] according the

following mechanism :

5 BaO + 2 Nb2O5 5 BaBa + 4 NbTi + V′′′′
Ti + 15 O×

O (6)

However, Morrison et al showed experimentally that the mechanism responsible for the switching

from insulating to semiconductor, when the sample is sintered in a low PO2 atmosphere, originates

from a change in the oxygen content of the materials [145, 146]. In this case, the mechanism is

the same than described in equations 3, 4, and 5 (page 20) for SrTiO3. Donor doping is then also

possible :

La2O3 + 2 TiO2 2 LaBa + 6 O×
O + 1

2 O2 + 2 Ti×Ti + 2 e′ (7)

High absolute Seebeck coefficients, from -300 µV.K−1 to -650 µV.K−1, of reduced BaTiO3 has been

reported for a long time, but with a very low or insulating electrical conductivity, as example Lee et

al obtained with a quenched BaTiO3 -650 µV.K−1 and 7 S.cm−1 at room temperature [147–149].

Khan et al studied the thermoelectric properties of up to 5% Nb doped and reduced BaTiO3 [150].

They obtained an insulating to moderate resistivity value of 0.18 Ω at 400K but the absolute See-

beck coefficient was very high from -50 µV.K−1 to -650 µV.K−1 at room temperature. No clear

trend of the influence of the doping content on the electrical conductivity and the Seebeck coefficient
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was present.

Xiao et al studied the thermoelectric properties of the Ba1–xEuxTiO3 solid solution from x=0.2

to x=0.9 synthesized by Pechini process followed by sintering in 5% H2/95%Ar [151]. All of the

compositions were single-phase perovskite, and the conductivity of the samples was increased com-

pared to BaTiO3 but they were semiconductors, unconducive at RT and below 15 S.cm−1 at 600K.

The carrier concentration and mobility were proportional to the Eu content, Eu had 2+ oxidation

state and the increase of conductivity was attributed to the Eu 4f electrons, thus Eu doping does

not increase the number of charge carrier of the Ti-3d conduction band. This mechanism could

not be applied wit La, because even if possible to synthesize [152], La does not have a very stable

2+ oxidation state [153]. All samples were found to be poorly conducting at room temperature

and inferior to 100 S.cm−1 at high temperatures but the electrical conductivity increased with

increasing Eu content. The opposite trend was observed for the absolute Seebeck coefficient and

all of the samples exhibited high absolute Seebeck coefficient from -300 µV.K−1 for x=0.9 to -375

µV.K−1 for x=0.2. Likewise for the electrical conductivity the power factor increased with the Eu

content from 0.132 mW.m.K−2 to 0.55 mW.m.K−2 at 1125K. All samples showed relatively low

thermal conductivity and an increase with the Eu content from 2.1 to 2.69 W.m−1.K−1 at 1123K.

The figure of merit also increased with the Eu content from 0.1 to 0.24 at 1123K.

Rubi et al studied from 2K to 400K co-doped A and B sites system Ba0.7Eu0.3Ti1–xNbxO3 from x=0

to x=0.1 sintered in 5% H2/95%Ar. Several compositions were conductive at room temperature

with a maximum of 320 S.cm−1 for x=0.1 at 400K with varying x [154]. The absolute Seebeck

coefficient decreased but remained relatively high between 613 µV.K−1 to 63 µV.K−1 for 0.001 ≤ x

≤ 0.10, giving a power factor higher than 1 µW.cm−1.K−2 for x=0.01, x=0.03, x=0.05, and x= 0.1.

All samples exhibited low thermal conductivity at 400K, all within the range 0.7-1 W.m−1.K−1.

The combination of the high power factor and low thermal conductivity results in a figure of merit

of 0.12 at 400K for x=0.01. Unfortunately, there is an absence of data at temperatures higher than

400K.

The use of an arc melter in the production of ceramic is rarely reported in the literature. As

mentioned previously in the ZnO part (page 19), Ou et al studied the Bandgap narrowing of sev-
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eral oxide semiconductors by arc melting [79]. Four reports (by Johnston et al [155], Sunstrom

et al [156], Fritsh et al [157], and Eylem et al [158]) explored doped BaTiO3 produced with an

arc melter in Ar atmosphere by using different raw materials for the synthesis, the following is a

summary of the differences and main results of these reports. It is not clear if the differences in

results were due to the different intrinsic properties of the raw materials or if they were due to the

differences in the quality of the raw materials. For example, when LaTiO3 is used as a raw material,

if during LaTiO3 synthesis a batch becomes contaminated or slightly oxidized, the final properties

of doped BaTiO3 may differ. The use of Ti metal granules gives a consistent raw material quality

but it also increases the risk of off-stoichiometry as it is difficult to grind it homogeneously with

the rest of the oxide powders.

Johnston et al made the La doped BaTiO3 by melting La2O3, BaTiO3, and Ti2O3 [155]. Eylem

et al studied RxBa1–xTiO3 where R is a rare-earth La, Nd, Gd, Er, and Y by mixing BaTiO3, the

rare earth oxides, Ti metal, and TiO2 [158]. Sunstrom et al as well as Fritsh et al used BaTiO3

and LaTiO3 [156, 157]. The authors did not agree about the space group at room temperature of

LaxBa1–xTiO3. Eylem et al are in qualitative agreement with the previous work of Johnston et al

since they identified undoped BaTiO3 as tetragonal P4mm and the main phase of La-doped (the low-

est La content was La0.15Ba0.85TiO3) to be cubic Pm3m until La0.8Ba0.2TiO3, from La0.8Ba0.2TiO3

they described the structure as orthorhombic Pbnm. For the region 0.6 ≤ x ≤ 0.8, Eylem et

al described it as biphasic as they observed the presence of a cubic or orthorhombic secondary

phase. They used TEM for this as the XRD-data was not sufficiently sensitive to illustrate the

presence of these biphasic phases. Additionally, for La, they observed a BaO impurity in the range

0.5 ≤ x ≤ 0.8 that was not reported by Johnston et al. Eylem et al also prepared samples with a

Ba deficiency that was successful in not forming BaO impurities. They did not observe an Ibmm

structure for any composition and described LaTiO3 as orthorhombic Pbnm. They observed that

the range of the solid solution decreased with the size of the rare-earth, Nd, and La formed a solid

solution from zero to the full substitution, whereas for Er, a solid solution is formed only until

x=0.3. Sunstrom et al studied the system from 0.5 ≤ x ≤ 1. They agreed that an orthorhombic

Pbnm phase is formed from LaTiO3 to La0.8Ba0.2TiO3 but proposed Ibmm (also named Imma) for

29



2.2 Properties and defect chemistry of ABX3
alkaline earth titanates

2 LITERATURE REVIEW

the rest of the composition to explain the broadness of the peaks. They did not observe the presence

of biphasic compounds but did not characterise the samples by TEM or neutron diffraction and

they also observed La2O3 phases by the use of an EPMA (electron microprobe analyzer) and EDX

(energy-dispersive X-ray spectroscopy). The Ibmm space group is orthorhombic with symmetry

between the orthorhombic Pbnm and the cubic Pm3m. They also made the same conclusion when

comparing LaxSr1–xTiO3 prepared by arc melting and analysed with neutron diffraction [159].

Johnston et al focused their work on the structural properties and the absolute Seebeck coefficient,

the absolute value of the Seebeck coefficient decreased with the La content, all of their samples

had a conductivity between 1 and 100 S.cm−1 at room temperature. Sunstrom et al focused their

measurements in the cryogenic temperatures range about the PTCR effect (positive temperature

coefficient of resistance) and magnetic properties. They provided little data about the electrical

conductivity and no data about the Seebeck coefficient. Eylem et al gave informations about the

magnetic and the electrical properties at room temperature shown in Table 2.3, the samples with

less than 40 % of La even if not nonconductive remained under 100 S.cm−1 at room temperature

and they did not measure the Seebeck coefficient. Fritsh et al found the samples La0.1Ba0.9TiO3 and

La0.2Ba0.8TiO3 to be isolating with La0.1Ba0.9TiO3 to have a resistivity about a quarter of undoped

arc melted BaTiO3 and the transition from insulator to metal to occur around La0.35Ba0.65TiO3.

The lack of quantitative data about the electrical properties may be because of the use of the arc

melter. An arc melter applies in a gas-controlled chamber a high difference of electric potential

between the cathode and the anode crucible plate to create an electric arc that melts the sample

(Figure 2.13). The Cu plate is water cooled, it results with a high difference of temperature between

the top and the bottom of the sample during the cooling, that may results in fractures. Making

crack free BaTiO3 samples with arc melter may be difficult if not impossible. This issue could be

addressed by sintering the powder from the arc melted samples in order to produce dense crack-free

samples.
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Figure 2.13: Schematic of an arc melter, the sample is melted by the electric arc formed between
the chilled copper crucible and the tungsten cathode in a gas-controlled chamber.

It should be mentioned that relatively highly conductive La0.1Ba0.9TiO3 has been made by Muta

et al with a conductivity of 200 S.cm−1 at 50°C, made by furnace sintering [160], discussed in more

details from page 34. They used Ti metal as precursor, then as the three papers using an arc melter,

the total O content in the precursors was smaller compared to using only TiO2.

To sum up, the electronic compensation is responsible for the increase of the electrical conductivity

of donor doped BaTiO3 in reducing condition. In five works, highly La-doped were successfully

synthesised, for all of them the oxygen concentration of the precursors was lowered (compared to

TiO2) by using Ti species with oxidation stats inferior to 4+. For the four publications using arc

melting, the discrepancies in the structural results suggest that by optimising the parameters of

the synthesis, different electrical properties could be achieved. Also, most of the thermoelectric

properties are lacking and no thermal properties were reported, the Seebeck coefficient was only

reported by Johnston et al and only at one temperature (the temperature of measurement is not

mentioned in the paper, probably RT) and the electrical conductivity was not measured [155].

The absolute values of the resistivity were not communicated and measured only below RT by

Sunstrom et al (only the resistivity normalised by the resistivity at 300K ρ
ρ300K

from 15K to 300K

was given) [156]. Eylem et al only communicated approximative values of the electrical conductivity
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at RT, reproduced in Table 2.3 [158]. Muta et al published all the thermoelectric values, but only

for the composition La0.1Ba0.9TiO3 for the doped BaTiO3 system [160].

Table 2.3: Table of the approximative conductivity of doped BaTiO3 reproduced with permission
from ref [158].

Sample Approx resistivity at 298 K, (Ω.cm−1) Approx conductivity at 298K (S.cm−1)
La0.2Ba0.8TiO3 0.4 2.5

La0.33Ba0.67TiO3 0.05 20
La0.4Ba0.6TiO3 0.008 125

La0.5Ba0.4TiO2.9 0.003 333.33
La0.6Ba0.3TiO2.9 0.001 1000
la0.7Ba0.2TiO2.9 0.005 200
La0.85Ba0.15TiO3 0.0002 5000
Nd0.28Ba0.72TiO3 0.1 10
Nd0.33Ba0.67TiO3 0.005 200
Nd0.4Ba0.6TiO3 0.008 125
Nd0.5Ba0.5TiO3 0.08 12.5
Nd0.6Ba0.4TiO3 0.002 500
Nd0.7Ba0.3TiO3 0.002 500

Nd0.85Ba0.15TiO3 0.002 500
Nd0.9Ba0.1TiO3 0.01 100

Nd0.98Ba0.02TiO3 1.0 1
NdTiO3 0.4 2.5

Y0.2Ba0.8TiO2.85 0.05 20
Y0.33Ba0.67TiO2.9 0.002 500
Y0.4Ba0.6TiO2.9 0.005 200

Donor doped CaTiO3 CaTiO3 has a perovskite orthorhombic structure at room temperature,

it transitions to tetragonal and then cubic when the temperature is increased [161]. While it has

been widely studied for its photocatalytical [162–164] and photoluminescence properties [165–170],

the total electrical conductivity of n-doped CaTiO3 remains elusive as studies tend to focus more

on the band gap of the material than the total electrical conductivity of the bulk material. It

has been observed that Europium and Praseodymium doping increases the carrier concentration

and reduces the Ti oxidation state from 4+ to 3+ [171, 172]. CaTiO3 should share similar defect

chemistry properties with BaTiO3 [173]. Synthesized in air, La doped CaTiO3 may form CaO layers

to form a Ruddlesden-Popper phase while in a reducing atmosphere, the charge balance should be
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compensated by oxygen vacancies [174,175]. Much of the informations concerning the thermolectric

properties of CaTiO3 are found in papers studying the CaTiO3 − SrTiO3 − BaTiO3 system.

Li et al produced La-doped CaTiO3 by a hydrothermal method followed by hot pressing in a graphite

die under vacuum [176]. The synthesis produced dense ceramics with a grain size of 20 µm, as well

as a Ti-rich and Ca poor nano precipitate secondary phase for samples with 20% or 25% of La. The

interfaces between the main phase and the nano precipitates were approximately coherent, and could

both scatter phonons and low energy carriers, thus decreasing the lattice thermal conductivity and

increasing the absolute Seebeck coefficient. The high reducing condition produced oxygen vacancies.

By measuring the carrier concentration by hall effect they estimated it to be about 2.37% for the

undoped CaTiO3, and this sample had an electrical conductivity of 50 S.cm−1 at room temperature.

The electrical conductivity increased with the La content until to La0.2Ca0.8TiO3 with a value of

3383 S.cm−1, sample La0.25Ca0.85TiO3 in the opposite had an electrical conductivity between those

of La0.15Ca0.85TiO3 and La0.2Ca0.8TiO3, in their opinion because the amount of secondary phase

was too large. La0.2Ca0.8TiO3 also shows the highest figure of merit with 0.4 at 1011K. No other

work is found about the thermoelectric properties of La-doped CaTiO3 and no work with x in

LaxCa1–xTiO3 higher than 0.25 was published.

In the opposite of A-site deficient LaxCa1–(3x/2)TiO3, A-site deficient La1–(2x/3)CaxTiO3 sythesized

in air has been studied [177, 178]. The electrical conductivity was not influenced by the A-site

deficiency, a switch from n-type to p-type regim was observed depending on the oxygen partial

pressure. CaTiO3 was reported to have Pbnm space group, while the addition of La created three

others crystal structures : transition to Imma was reported from La0.267Ca0.6TiO3, I4/mcm from

La0.467Ca0.3TiO3, then Cmmm from La0.553Ca0.2TiO3.

CaTiO3−SrTiO3−BaTiO3 system Sr1–x–yBaxCayTiO3 forms a solid solution and the effect of

the substitutions of Sr by Ca or Ba on the crystal structure is complex. Intermediate compositions

of the system Sr1–xCaxTiO3 are controversial [179]. For example it was claimed that at RT the

compositions between Sr0.8Ca0.2TiO3 and Sr0.65Ca0.35TiO3 were both a monoclinic distortion [180]

or an orthorhombic structure [181,182]. Ca, Sr, and Ba can be substituted for one another to form
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a solid solution. Muta et al studied the thermoelectric properties of La0.1Ba0.9–xSrxTiO3 made by

sintering under argon flow BaTiO3, Ti metal, TiO2, and La2O3 [160]. An increase in the Sr content

decreased the absolute Seebeck coefficient and increased the electrical conductivity. They concluded

that "the increase of the electrical conductivity is caused by the decrease of the Ti-Ti distance, which

increases the overlap of Ti 3d orbital in the conduction band" and "Since the Sr substitution widens

the conduction band, the effective mass of carriers is reduced and the Seebeck coefficient increases.

Similar results are seen in other systems [183,184]". The electrical conductivity of the sample with

the composition La0.1Ba0.9TiO3 was only 200 S.cm−1 at room temperature whereas it was approx-

imately 2500 S.cm−1 for La0.1Sr0.9TiO3 at room temperature. The power factor increased with the

Sr concentration, however, the trend in the thermal conductivity is the opposite and the best figure

of merit was slightly better for La0.1Ba0.3Sr0.6TiO3 compared to Sr0.9La0.1TiO3. La0.1Ba0.9TiO3

reached a maximum ZT of 0.125 at 873K.

Muta et al also produced a similar work for the Ca substitution [185], the substitution of Ca which

generated lattice distortions and changes of structures that influenced the thermoelectric proper-

ties. Increasing the Ca decreased the electrical conductivity and increased the absolute Seebeck

coefficient, e.g. at 330K La0.1Sr0.9TiO3 had a conductivity of 2800 S.cm−1 and a Seebeck coefficient

of -83 µV.K−1 whereas for La0.1Ca0.9TiO3 the conductivity was 1100 S.cm−1 and the Seebeck coef-

ficient -109 µV.K−1; the thermal conductivity decreased until La0.6Ca0.4TiO3 and then remained

similar whatever the concentration. The best power factor and figure of merit were obtained for

La0.1Sr0.45Ca0.45TiO3 with an increase of 40% compared to La0.1Sr0.9TiO3 for the power factor,

whereas the figure of merit only slightly increased from around 0.2 to 0.22 at 873K. They pos-

tulated that the increase of the power factor is a result of the decrease of the dielectric constant

because Wemple et al increased the carrier mobility of SrTiO3 by hydrostatic pressure which also

led to a decrease in the dielectric constant.

Somaily et al studied the structural and thermoelectric properties of the Sr1–x–yCaxNdyTiO3 system

and found a strong correlation between the electrical conductivity and the structural parameters,

especially the average bond length [A−O], [B−O], and [Ti−O], and the tilt angle, with [A−O],

[B−O], and [Ti−O] the bond length between the O anion and the cations A, B, or titanium. The
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tilt angle is the difference between the angle of the bond Ti-O-Ti and 180°, 180° is the value for the

perfect perovskite cubic structure. They defined a tolerance factor [A−O]
[B−O] , both the tilt angle and

the tolerance factor are values of the structural deformation. The [Ti-O] bond length was largely

influenced by the conversion of Ti4+ into larger Ti3+ in effect of the Nd doping. They observed

that the lower the tilt angle, the lower the resistivity; the higher the tolerance factor, the higher

the power factor. They measured the thermoelectric properties only up to 400K and found the

highest ZT was 0.07 for Nb0.08Sr0.92TiO3 but they predicted that at higher temperatures, after the

transition to cubic structure, the composition Ca0.16Sr0.76Nd0.08TiO3 could have a ZT of 0.37 [179].

Yamamoto et al explored the (BaxSryCaz)0.8Nb0.2TiO3 phase diagram by thin film growing and

concluded that the substitution of Sr by either Ca or Ba is detrimental for the power factor (ac-

cording to the compositional mapping of the thermoelectric power factor they produced in their

study) [186]. From Hall effect measurements, they observed in their study that the effective mass

decreased linearly with Ca substitution and increased linearly with Ba substitution but the carrier

mobility is much higher with the Sr-rich compositions which then led to a better power factor for

the doped SrTiO3. Zhang et al used a theoretical approach to study the CaTiO3−SrTiO3−BaTiO3

system by using the Boltzmann transport equations and density functional theory calculations [187].

They compared the electrical conductivity, the power factor, and the electronic components of the

thermal conductivity, all normalised by the relaxation time (σ
τ ,

S2σ
τ , Ke

τ ) with different carrier con-

centrations. According to them making a "comparison of σ
τ of CaTiO3, SrTiO3 and BaTiO3 is

reasonable because they have similar structures and bonding properties and, then, τ have similar

values for the three materials". Considering τ similar for the three oxides makes comparison much

easier as τ can be removed from the equation to calculate σ by normalising it, however, the exper-

imental values of τ measured by Yamamoto et al were different [186]. They measured 27.1 fs for

SrTi0.8Nb0.2O3, 1.5 fs for CaTi0.8Nb0.2O3 and 0.47 fs BaTi0.8Nb0.2O3. Their study suggests that the

ratios σ
τ and S2σ

τ are in the order CaTiO3 > SrTiO3 > BaTiO3, the order is the opposite for that of

the Seebeck coefficient and Ke

τ . It should be noted that when the electronic thermal conductivity

is compared to σ
τ and not the carrier concentration, the values are much more similar, their results

may suggest that if we can achieve the same carrier concentration, then partial or full substitution
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of Sr by Ba can increase the figure of merit. According to them, it is mainly the band narrowing

caused by the changes of the lattice constant that modify the transport coefficients.

Based on the above studies, it could be concluded that for thermoelectric performance SrTiO3 would

be superior. However, the recent work of Li et al showed a ZT of a doped CaTiO3 that is comparable

to the best ZT obtained with SrTiO3 for decades with many tried approaches. As mentioned

above, Muta et al concluded that La0.1Sr0.9TiO3 was more than ten times more conductive than

La0.1Ba0.9TiO3 because of the difference of Ti-Ti distance, leading to think that the structural

properties of BaTiO3 are responsible for this relatively low conductivity, however, they did not

mention the difference of Ti oxidation stats between the two samples to be a possible explanation.

The synthesis method they used is probably sufficient to reduce further the oxidation stats of

La0.1Sr0.9TiO3 but probably not La0.1Ba0.9TiO3.

Summary At the present the best reported thermoelectric materials are metal based, the tellur-

ide and selenide are the two main families and the best ZT reported are higher than two [14]. For

all of the materials, increasing the carrier concentration through doping was essential in order to

achieve high enough electrical conductivity. SPS was often used as this special sintering technique

is favorable to obtain microstructures that promote phonon scattering because the high heating

and cooling rates are favorable to limit the particle size growth, while the applied pressure during

the sintering allows high density. Oxide-based thermoelectrics are less performant but have the

potential to be used at higher temperatures, thanks to their higher melting points, and to be more

durable. P-type oxide materials are more mature than n-type oxide materials, especially the bis-

muth oxyselenides with ZT higher than one reported by several groups [64], in consequence, efforts

of fundamental research and development should be carried out about n-type oxide materials in

order to improve the performances of high temperature oxide thermoelectric generators.

Recently, the reported ZT of SrTiO3 based material overpassed the highest ZT reported for ZnO

based material [76, 78], it could be assumed that alkaline earth titanates are the most promising

n-type oxide-based thermoelectric material. SrTiO3 was the topic of numerous works to decrease its

thermal conductivity or increase its power factor. The first main approche to increase the electrical
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conductivity is by generating oxygen vacancies by using reducing conditions during the synthesis or

post treatment, another well explored strategy is the n-type doping, many elements were tried in

order to dope the material and La was the element that gave the best results when doping the A-site

of SrTiO3. The other alkaline earth titanates share a similar electronic structure with the SrTiO3

and solid solutions mixing Ba, Ca, and Sr as the A-site of the perovskite structure were made [186].

However, the study of the thermoelectric properties of the other alkaline earth titanates did not

receive the same interest by the scientific community. Researchers may have assumed that donor

doped BaTiO3 can not be a useful thermoelectric material as making it electrically conductive is

challenging because inserting an element with 3+ valence in the Ba site is difficult if not impossible

without ionic compensation, also works on the solid solution CaTiO3−SrTiO3−BaTiO3 concluded

to the superiority of SrTiO3 for thermoelectric application. Another conclusion can be made after

analysing the relevant publications, donor doped BaTiO3 can be as electrically conductive as donor

doped SrTiO3, but the reduction of Ti4+ to Ti3+ is much more challenging than in the case of

SrTiO3. The issue can be addressed by using precursors with the Ti oxidation stats other than 4+

and using synthesis and post treatment methods that favour the electronic conpensation mechan-

ism. As mixing elements of different atomic mass increased phonon scattering, the developement of

new synthesis routes capable of making doped BaTiO3 and CaTiO3 with the same thermoelectric

properties of doped SrTiO3 could allow making doped CaxSryBazTiO3 with even better perform-

ances than doped SrTiO3. It is reasonable to say that with the current available publications, it

can not be stated that CaTiO3 based materials and BaTiO3 materials are inferior to SrTiO3 based

materials, new approches to produce other alkaline earth titanate thermoelectric should be atemp-

ted. The current literature lack knowledge about conductive n-type doped BaTiO3 and CaTiO3 on

several aspects sum up in the paragraph.

Data about the thermoelectric properties of donor doped CaTiO3 are very limited, only one work

focused on the thermoelectric properties of rare earth doped CaTiO3 and in this work a secondary

phase was reported. No publication reported the synthesis of doped CaTiO3 with more than 25%

of rare earth in the A-site, their is then no data available about the electric, thermal, and structural

properties of highly rare earth doped doped CaTiO3 and only one set of data for doping concen-

37



2.3 Aims and objectives 2 LITERATURE REVIEW

tration below 25%. Paper about rare eath doped LaxCa1–(3x/2)TiO3 with A-site vacancies are also

nonexistent. The literature diverges about the crystallographic space group of LaxBa1–xTiO3, either

cubic Pm3m or orthorhombic Ibmm for x between 0.15 and 0.8. The studies of the donor doped

BaTiO3 with electronic compensation with doping content over a few percent are very limited, the

data are content in five works, in four an arc melter was used, in all of these works the electrical

conductivity reported were much lower than the equivalent (in doping content) of the SrTiO3. Most

of the thermoelectric properties were not characterised, Muta et al did provide the full thermoelec-

tric data for La0.1Ba0.9TiO3 produced by furnace sintering but not for any other doped BaTiO3

compositions, for the other four papers, the thermoelectric properties are very scarse. Then, the

thermoelectric properties of highly conductive doped BaTiO3 is almost fully vacant in the liter-

ature. Additionaly their is no reported values of conductivity over a few hundred of S.cm−1 for

La-doped BaTiO3 when Ba is still the major element in the A-site (70% and over). For both La-

doped BaTiO3 and La-doped CaTiO3, reducing the Ti oxidation state is an obligation to make the

materials conductive by favoring the electronic conpensation. No paper has reported synthesis by

arc melting and densification by SPS sintering, however, with their fast heating and cooling step,

and capability to work in very low oxygen pressure, the arc melter and the SPS are appropriate for

this work.

2.3 Aims and objectives

The aims of this PhD is to change the electrical properties of BaTiO3 and CaTiO3 to make them

highly electrically conductive. While the doping mechanisms of the alkaline earth titanate have

been studied extensively, published works about the series LaxBa1–xTiO3 and LaxCa1–xTiO3 with 0

≤ x ≤ 1 systems are still lacking. Additionally, studies of donor doping when the ionic compensation

is not favoured are few, and no BaTiO3 with conductivity in the magnitude of thousands of S.cm−1

have been reported. The main approach of this work is the control the oxygen content in the final

oxides by combining synthesis by arc melting and densification by spark plasma sintering. The

structural, electrical, and thermal properties were then analysed.

For both LaxBa1–xTiO3 and LaxCa1–xTiO3:
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• Dope the La in the A-site of the perovskite structure and collect evidences that the electronic

compensation is favoured over ionic compensation :

– Study the structural parameters by XRD. If the ionic compensation is favoured, the

formation of a Ti rich secondary phase is expected. If the electronic compensation is

favoured, it is expected that the modifications of the lattice constant will follow the

Vegard’s law.

– Study the oxidation behaviour. If the electronic compensation is favoured, the concen-

tration of Ti3+ should be proportional to the La doping; the difference of mass before

and after oxidation would be proportional to the concentration of Ti3+ that changed

to Ti4+, it is then expected that the increase of mass would be proportional to the La

doping. This behaviour is not compatible if the ionic compensation is favoured.

– Study of the elemental composition. If the electronic compensation is favoured, the A/B

ratio of the perovskite structure should be equal to one. If the ionic compensation is

favoured, the A/B ratio would be inferior to one and decrease with the La doping.

• Study the influence of the La doping, successful donor doping would lead to an increase of

the electrical conductivity by increasing the charge carrier concentration.

• Study the impact of the SPS parameters, the temperature of sintering, the heating and cooling

rates, the applied pressure, and dweeling time could have an influence on the final density.

The temperature of sintering could influence the oxygen vacancies concentration.

• Achieve a high electrical conductivity (superior to 1000 S.cm−1) at room temperature for the

samples with fewer than 30 % of La in the A-site.

• Measure the thermoelectric properties and achieve at least a power factor of 0.5 mW.m−1.K−2.
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3 Methodology

3.1 Raw Materials

Figure 3.1: Synthesis flow diagram of the arc melting and SPS densification method used for the
study of the LaxBa1–xTiO3, the LaxCa1–xTiO3, and the LaxCa1–(3/2x)TiO3 sytems.

Figure 3.1 is the flow diagram of the synthesis. Prior to its insertion in the glove box, the La2O3

(99.9%, Sigma-Aldrich) was dried at 1000°C in air for at least two hours. The TiO2 (99.9% Sigma-

Aldrich) was dried at 300°C in air for at least two hours. Once received from Sigma the TiO (99.9%,

Sigma-Aldrich) was inserted in a glovebox. To produce LaTiO3, the proper amount (according to

the chemical equation 8 and Table 3.1) of La2O3, TiO, and TiO2 was weighed in the glovebox.

0.5 La2O3 + 0.5 TiO2 + 0.5 TiO LaTiO3 (8)

The oxides were mixed with an agate mortar in the glove box for 30 minutes, then filled in a pressing

die of 13.5 mm of diameter inside the glovebox. The steps were done in a glovebox to avoid the

lanthanum oxide absorbing the moisture in the air that would form hydroxides and would increase

the O during the reaction. The die was taken out of the glove box and immediately pressed, such

that the resultant pellets would be immediately placed into the arc melter chamber.

In early experiments, the LaTiO3 was produced by using Ti metal granules (99.9% Fisher) and
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mixing the oxides in air. The reasons for the optimisation of the synthesis methodology is discussed

in subsection 4.2 (page 54) and the synthesis with the Ti metal granules is described below.

The proper amount (according to the chemical reaction equation 8’ and Table 3.1) of La2O3 (99.9%,

Sigma-Aldrich) and TiO2 (99.9% Sigma-Aldrich) was mixed with an agate mortar and acetone for

30 minutes. The Ti metal was then added to the oxides and filled in the pressing die.

0.5 La2O3 + 0.25 TiO2 + 0.75 Ti LaTiO3 (8’)

The pressed powder was then placed into the arc melter chamber. The next steps were the same

regardless of whether Ti granules or Ti monoxide was used. A piece of Ti metal was place in one

of the crusible of the arc melter to be used as a getter. The arc melter chamber was vacuumed and

filled with argon at 1.1 atm three times. The piece of Ti was melted prior to the pellets to absorb

any remaining O2 in the chamber. The sample was flipped and polished to remove any potential

Cu contamination from the Cu plate after each melting. The samples was melted four times. The

LaTiO3 was then ground into powder with an agate mortar and acetone for 30 minutes in air.

Table 3.1: Mass of precursors to produce 2.5 g of LaTiO3

Sample composition Mass of La2O3 (g) Mass of TiO2 (g) Mass of TiO (g) Mass of Ti (g)
LaTiO3 (with Ti metal) 1.7348 0.7654 0 0.1529

LaTiO3 (with TiO) 1.7348 0.4252 0.3401 0

3.2 Material preparation

Powder preparation for arc melting The BaTiO3 (99.7% Fisher), CaTiO3 (99+% Fisher),

and TiO2 (99.9% Sigma-Aldrich) were previously dried in a muffle furnace for at least two hours

at 300°C. To produce La-doped BaTiO3, the correct amount (according to the chemical reaction

equation 9 and Table 3.2) of BaTiO3 and LaTiO3 (prepared by ourselves) powder was mixed with
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an agate mortar and pestle for 30 minutes with acetone in air.

xLaTiO3 + (1 − x)BaTiO3 LaxBa1–xTiO3 (9)

Table 3.2 lists the LaxBa1–xTiO3 samples made by arc melting, the mass of precursors, and the

SPS temperature used. Arc melting and SPS sintering are described later on. The samples SPS

sintered at 1300°C and 1350°C were not investigated further as the conductivity at RT was low

(below 300 S.cm−1). Samples sintered at 1550°C and 1600°C were not investigated further as the

pellets broke; partial melting was also suspected in the case of BaTiO3.

Table 3.2: List of compositions and mass of precursors to produce 2.5 g of LaxBa1–xTiO3 by arc
melting and the SPS sintering temperature used.

Sample composition Mass of
LaTiO3 (g)

Mass of
BaTiO3 (g)

SPS sintering
temperature (°C)

BaTiO3
1300 /1350 / 1450
1500 / 1550 / 1600

La0.05Ba0.95TiO3 0.1258 2.3742 1300 / 1350 / 1450
1500 / 1550 / 1600

La0.1Ba0.9TiO3 0.2515 2.2485 1450
La0.2Ba0.8TiO3 0.5027 1.9973 1450

La0.3Ba0.7TiO3 0.7535 1.7464
1300 / 1350 / 1400
1450 /1500 / 1550

1600
La0.4Ba0.6TiO3 1.0040 1.4959 1450
La0.5Ba0.5TiO3 1.2542 1.2458 1450
La0.6Ba0.4TiO3 1.5040 0.9960 1450
La0.7Ba0.3TiO3 1.7535 0.7465
La0.8Ba0.2TiO3 2.0027 0.4973 1450
La0.9Ba0.1TiO3 2.2515 0.2485

LaTiO3 1450

To produce La-doped CaTiO3, the correct amount (according to the chemical reaction equation 10

and Table 3.3) of CaTiO3 and LaTiO3 (prepared by ourselves) powder was mixed with an agate

mortar and pestle for 30 minutes with acetone in air.

xLaTiO3 + (1 − x)CaTiO3 LaxCa1–xTiO3 (10)
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Table 3.3 lists the LaxCa1–xTiO3 samples made by arc melting, the mass of precursors used, and

the SPS temperature used.

Table 3.3: List of compositions and mass of precursors to produce 2.5 g of LaxCa1–xTiO3 by arc
melting and the SPS sintering temperatures used.

Sample composition Mass of
LaTiO3 (g)

Mass of
CaTiO3 (g)

SPS sintering
temperature (°C)

CaTiO3 1450
La0.05Ca0.95TiO3 0.2083 2.2917 1450
La0.1Ca0.9TiO3 0.4025 2.0975 1400 / 1450 / 1500
La0.2Ca0.8TiO3 0.7539 1.7461 1450

La0.3Ca0.7TiO3 1.0633 1.4367 1400 / 1450
1500 / 1550

La0.4Ca0.6TiO3 1.3379 1.1621 1450
La0.5Ca0.5TiO3 1.5832 0.9168 1450 / 1500 / 1550
La0.6Ca0.4TiO3 1.8037 0.6963 1450
La0.7Ca0.3TiO3 2.0029 0.4971 1450
La0.8Ca0.2TiO3 2.1839 0.3161 1450
La0.9Ca0.1TiO3 2.3489 0.1511 1450

LaTiO3 1450

To produce La-doped CaTiO3 with A-site deficiency, the correct amount (according to the chemical

reaction equation 11 and Table 3.4) of LaTiO3 (prepared by ourselves), CaTiO3, and TiO2 powder

were mixed with an agate mortar and pestle for 30 minutes with acetone in air. Table 3.4 lists the

samples made by arc melting, the mass of precursors and the SPS temperature used.

xLaTiO3 + (1 − 1.5 x)CaTiO3 + (0.5 x)TiO2 LaxCa(1–1.5x)TiO3–0.5x (11)

Table 3.4: List of compositions and mass of precursors to produce 2.5 g of LaxCa1–3/2xTiO3 by arc
melting, and the SPS sintering temperatures used.

Sample composition Mass of
LaTiO3 (g)

Mass of
CaTiO3 (g)

Mass of
TiO2 (g)

SPS sintering
temperature (°C)

La0.1Ca0.85)TiO3 0.4108 2.0222 0.0699 1450
La0.2Ca0.7)TiO3 0.7790 1.5788 0.1325 1450
La0.3Ca0.55)TiO3 1.1108 1.1792 0.1889 1450
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Melting Immediately after the mixing, the powder was filled and pressed into the 13.5mm dia-

meter die and placed in the arc melter chamber. A piece of Ti metal was place in one of the crusible

of the arc melter to be used as a getter. The arc melter chamber was vacuumed three minutes and

filled with argon at 1.1 atm three times. The piece of Ti was melted prior to the pellets to absorb

any remaining O2 in the chamber. The samples were flipped and polished to remove any potential

Cu contamination from the Cu plate after each melting. The samples were melted four times then

ground into powder with an agate mortar and acetone for 30 minutes in air.

SPS To make pellets by SPS, pieces of carbon paper of one mm of thickness were cut and placed

to cover the inner surface of the graphite die and graphite punches of 13.5mm of diameter. The

powder was then filled into the die (Figure 3.2). SPS sintering was achieved with a Agus-Pecs

630Sx (SUGA Co Ltd); the SPS parameters were the same except for when the influence of the

parameters were studied: the sintering was made in a high vacuum mode, the applied pressure

on the punches by the SPS electrodes was set on 40 MPa, the heating and cooling rate were set

on 100°C per minute, and 10 minutes of dwelling at the set temperature. The temperature was

controlled by a portable radiation thermometer (Chino model IR-AH). The sinterings were started

when the gas pressure of the chamber was below 3 · 10−3Pa. The sintered pellet was then polished

to remove the stuck carbon layers which came from the carbon papers. On occasion, the sintered

pellets would be broken; new pellets were sintered if the pieces could not be used for the analysis.
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Figure 3.2: Schematic of a filled SPS die between two graphite electrodes. With graphite paper
between the sample/die wall and sample/punches.

3.3 Microstructural characterisation

X-ray Diffraction Crystal structure and phases analysis were performed by powder X-Ray dif-

fraction (XRD). Before analysis, the samples were ground by hand with an agate mortar. The

powder was loaded flat into a Si powder sample holder (Bruker Corporation) and then scanned

using a D8 advance diffractometer (Bruker Corporation) with a CuKα (λ= 0.15418 nm) radiation.

A tension of 40 kV and a current of 40 mA. 2θ from 10° to 70° with an increment of 0.0205°,

and with 0.1 second per step. Phase analyses were done by using the Bragg’s law as illustrated in

Figure 3.3 and defined in eq (9).

2dsin(θ) = nλ (9)

With n as the diffraction order, θ the angle of incidence, λ the wavelength of the light emission,

and d the grating period. The Bragg’s law determines at which angles diffractions would happen.

The angle made by the emitted x-ray, the sample, and the detector is 2θ. The phase analyses were

done with DIFFRAC.EVA (Bruker). The lattice constants, lattice volumes, and full width at half

maximum were calculated with JADE 6.0 (MDI).
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Figure 3.3: Schematic of incident X-ray diffraction by the atoms of a solid during an XRD
experiment.

Density measurement Samples volume were measured with a calliper and the mass of the

samples were measured with a precision scale. Density was calculated by:

D =
m

V
(10)

With m the mass and V the volume of the sample. The theoretical densities ρth were calculated

by dividing the sum of the elements by the lattice volume calculated from the XRD patterns with

eq 11. The O loss was neglected.

ρth =
Σn

n=1NiAi

VCNA
(11)

With Ni the number of atoms per unit cell of the element i, Ai the atomic mass of the atome i, VC

the volume per unit cell, and NA the Avogadro’s constant. The relative density was calculated by

dividing the density by the theoretical density.

Preparation for microstructure characterisations Samples that were used for microstruc-

ture characterisations were mounted in epoxy. To avoid movement, the O-shaped mould was placed
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on double sided tape, then the sample was placed into the mould (also in contact with the tape).

Commercial epoxy and hardener (Struer) were mixed manually with a flat wood stick for five

minutes in a disposable container. The mixture of the epoxy and hardener was poured into the

mould until the mixture covered the sample and left overnight. The next day, another batch of

mixture was made and poured into the mould until the height was approximately 3.5 cm and left

overnight. The epoxy block was polished with a Tegramin station (Struer) using successively MD

piano 220, MD piano 500, and MD piano 1200 disk (Struer), then with three polishing cloths loaded

with abrasive particles of 9µm, 3µm, and 1µm. The block was inserted in the chamber of a Q150R

carbon coater (Quorum) loaded with a new piece of carbon rope, carbon coating was done with

the chamber under vacuum. Coatings were done in order to avoid accumulation of electric charges

by making the sample and the mounting surfaces conductive. Carbon was chosen as metal coating

does not allow chemical analysis. Scanning electron microscope (SEM) analysis were done with a

6490LV (JEOL) with an acceleration voltage of 20 kV. Secondary electron and backscattered images

were obtained on the sample surface; the working distance was set around 10 mm and the contrast

was adjusted manually. Energy-dispersive X-ray spectroscopy (EDX or EDS) were performed on

the sample surface with the SEM 6490LV (JEOL). The main limitation to this technique is that

many elements have similar X-ray characteristic emissions; in some cases, it was not possible to dis-

tinguish between the elements. Wavelength-dispersive X-ray spectroscopy (WDX) with an electron

probe microanalyzer (EPMA) was performed to address this issue. EPMA analysis were done with

a JXA-8200 Electron Microprobe (JEOL) and the elemental quantifications were done with four

WDX detectors. The WDX differs to EDX as the X-Rays are splitted by monochromators and the

specific wavelengths are analysed (Figure 3.4). Points of analysis and map positions were chosen

with the EPMA’s optical microscope by storing the X and Y positions, then the measurements

were carried overnight.
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Figure 3.4: Schematic of the principle of the wavelength separation of the sample’s emitted X-ray
by a rotating crystal for WDX analysis.

Thermogravimetric analysis The thermogravimetric analysis (TGA) in air were done with a

horizontal TGA-SDTQ600 (TA Instruments) (Figure 3.5). Before analysis the samples were ground

by hand with an agate mortar. Samples between 20 and 40 mg were loaded in Al2O3 crucibles. For

each crucible, a baseline run was done with an empty crucible. The air flow was set to 100 mL/min.

The TGA was set with a five minutes isothermal at 30°C, a heating ramp and a cooling ramp set

at the same rate without dwelling time at the maximum temperature.

The heating and cooling rate, and the maximum temperature were different:

• For the melted only LaxBa1–xTiO3 the heating and cooling rate was set to 10°C per minute,

the maximum temperature was set to 1000°C.

• For the SPS sintered LaxBa1–xTiO3 the heating and cooling rate was set to 5°C per minute,

the maximum temperature was set to 1250°C.

• For the melted only LaxCa1–xTiO3 the heating and cooling rate was set to 5°C per minute,

the maximum temperature was set to 800°C.

• Fot the SPS sintered LaxCa1–xTiO3 the heating and cooling rate was set to 5°C per minute,
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the maximum temperature was set to 1000°C.

The mass variations caused by the crucible, buoyancy and convection was removed with the man-

ufacturer software Ta universal analysis (TA instrument).

Figure 3.5: Schematic of a horizontal TGA, a crucible in a temperature-controlled chamber,
sample holder on the sample arm connected to the microbalance.

3.4 Testing and evaluation of performance

Electrical tests A low speed diamond saw was used to cut the samples into bars with a length

between 6 and 12 mm, with an approximate width of 1-4 mm. When the Seebeck coefficient was

measured, samples of at least 10 mm of length were used, when only the electrical conductivity was

measured, samples length were at least 6 mm. The two extremities were painted with silver paste

and dried in air at RT for 30 minutes to avoid problems of contact between the sample and the two

electrodes. The electrical conductivity and the Seebeck coefficient were measured by the four-point

probes method in a temperature and gas controlled environment with a LSR-3 (Linseis) (Figure 3.6).

When the Seebeck coefficient was measured (as well as the electrical conductivity), the chamber was

vacuumed and filed with static He at 1.05 atm. The measurement of the Seebeck coefficent should be

carry in static He to have a stable temperature gradient in the furnace and to produce a temperature

gradient in the bulk of the sample, He is the gas of choice because of its high thermal conductivity.

To measure the Seebeck coefficient, a gradient of 50°C was set, the gradient was created by the
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Figure 3.6: Schematic of a gas and temperature-controlled four points probes (LSR-3), with the
top and bottom probes as the electrodes, the middle probes for the potentiometer, secondary

heater at the bottom electrode to generate a temperature gradient.

secondary heater of the LSR-3, then the two points of the sample in contact with the probes were

at different temperatures as illustrated in Figure 3.6. The maximum probes distance (8mm) was

always used when measuring the Seebeck coefficient to maximise the temperature difference between

the two probes. When only the electrical conductivity was measured, the chamber was vacuumed

and filed just above 1 atm three times and the measurments were carried in flowing 5%H2/95%.

Ti granules (99.9% Fisher) were also present in the chamber to further reduce the O content of the

gas. The equipment was calibrated manually by measuring the Seebeck coefficient of the constantan

55% Cu 45% Ni (Linseis) at a chosen temperature, then a numeric temperature bias was applied

to one of the probs to correct the measured temperature difference, the steps was repeated until

the measured value was satisfying : error below 5% for the temperature range of interest (200°C

to 800°C). Figure 3.7 is the plot of the measured Seebeck coefficient of the reference sample before

the corrections and after the corrections.
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Figure 3.7: Plot of the Seebeck coefficient of the constantan reference sample before and after the
calibration, the reference data, and the reference data +5% or -5%.

Thermal diffusivity The thermal diffusivity was measured with unbroken samples. The disk

shape samples used to measured the thermal diffusivity were polished with a Target Holder (Buhler)

manually in order to decrease their thickness and to have an homogeneous thickness. The thermal

diffusivity was measured with an LFA 467 hyperflash (Netzsch) with a "standard" configuration

(Figure 3.8) with the laser flash technique using disk shape sample holder of 12.7 mm of diameter.

Before being placed in the the sample holder, the samples were coated with a graphite spray cane

aerosol (Kontakt chemie) three times for both surfaces to increase the light absorbency. A delay of

two minutes was taken between each coat for the solvent to evaporate. The chamber of the LFA was

vacuumed and purged three times, the flow rate was set to 50 mL per minute. H25%/Ar95% gas

mixture was used for the LaxBa1–xTiO3 samples and N2 was used for the LaxCa1–xTiO3 samples.

Before the measurements, shots were done at RT, shot parameters (e.g. the main gain) were modify

to address undershooting, overshooting, too short duration, or too long duration, until a suitable

curve was obtained (Figure 3.9 is a drawing of a suitable LFA shot). The thermal diffusivity was

calculated with mathematical corrections by the manufacturer software.
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Figure 3.8: Schematic of a vertical LFA with a laser as the heat source at the bottom, the
detector at the top, and the sample between. Sample placed in the gas and temperature

controlled chamber.

Figure 3.9: Draw of a suitable LFA signal curve after that the sample was heated up by a pulse of
light.

52



4 SYNTHESIS, STRUCTURAL, AND
THERMOELECTRIC PROPERTIES OF

LaxBa1–xTiO3

4 Synthesis, structural, and thermoelectric properties

of LaxBa1–xTiO3

4.1 Introduction

As discussed in subesection 2.2 (from page 27), three papers reported the synthesis of highly La-

doped BaTiO3 by using an arc melter (0.5 ≤ x ≤ 1 [156] and 0≤ x ≤ 1 [155,158] for LaxBa1–xTiO3)

but the electrical conductivity values were two orders of magnitude lower than reported values

of La-doped SrTiO3 with similar La concentrations. The results of these three papers suggest

that it is possible to controll the Ti oxidation stats in BaTiO3 with substitution of the Ba by La,

thus increasing the number of electrons in the conduction band. Samples of La-doped SrTiO3 with

electrical conductivity of several thousand of S.cm−1 at RT were reported in numerous papers [188];

BaTiO3 and SrTiO3 have similar electronic structure [187], it is then reasonable to think that making

highly conductive doped BaTiO3 should be possible. However their is no report of comparable

conductivity of BaTiO3 based material. As discussed in subsection 2.2, the electric properties of

La-doped SrTiO3 depends on the synthesis and post treatment conditions, as example, with the

same cations compositions, La-doped SrTiO3 can have a difference of electrical conductivity of five

orders of magnitude [88].

Muta et al reported a sample of La0.1Ba0.9TiO3 with an electrical conductivity of 200 S.cm−1 at

RT produced with Ti metal for precursor, sintered in Ar flow [160]. This conductivity is one order

of magnitude higher than the one reported by Eylem et al (2.5 S.cm−1 at RT) [158], but still an

order of magnitute lower than La-doped SrTiO3 [88]. Muta et al used a tubular furnace with Ar

flow, with a lower oxygen pressure during the synthesis and during the post treatment, a much

higher electrical conductivity could be achieved. Additionaly in their work they did not make other

compositions of the series LaxBa1–xTiO3 and samples with different La concentration could have

better electrical and thermoelectric properties.

In this section, the synthesis of LaxBa1–xTiO3 by arc melting and SPS sintering is investigated. Both

arc melting and SPS sintering operate in strong reducing conditions, aiming to favour the electronic
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compensation over the ionic compensation that lead to poorly conductive material [145, 146]. The

aim of this methodology is to increase the charge carrier concentration. The study of the crystal

structure, the microstructure and the oxidation behaviour (by TGA) was designed to observed what

charge compensation mechanism is favoured. The electrical and thermal properties are described

in the rest of the section. There are significant challenges in producing reproducible results in this

and other similar systems investigated, a discussion of the approaches and difficulties are explored

at the beginning of the section. The results presented in the rest of the section are for the optimised

approach.

4.2 Influence of the synthesis route.

This subsection shows analyses about the LaTiO3 when used as a raw material in the production of

doped CaTiO3 and doped BaTiO3. These results highlight that great care is needed to ensure the

conductive samples are repeatable and reproducible, particularly through taking great care during

the synthesis steps and using high quality raw materials. This may explains the divergences in

results from those yielded in previous studies, where the transition from insulating/semiconductor to

metal were observed for higher La content (35%) [155–158], and BaO rich phase was observed [158].

Figure 4.1 shows the XRD patterns of different batches of LaTiO3 produced in differents ways. A

layered monoclinic perovskite La2Ti2O7 formed with or without the presence of the orthorhombic

Pbnm parovskite phase was observed, whenever Ti granules or titanium monoxide was used, when

the milled powders were not immediately melted. This is likely due to the formation of hydroxides

from the moisture and the raw materials. Single phase Pbnm orthorhombic perovskite LaTiO3

was obtained in processing route either with the use of Ti granule and titanium monoxide powder

and both produced identical XRD patterns (identical XRD pattern with the use of Ti granule not

shown). Then the use of Ti granules, even problematic (for other reasons), was not the major source

of the inconsistency of the phase and the final electrical conductivity.

From these preliminary studies it was decided that titanium monoxide would be used instead of Ti

granules. The advantage of titanium monoxide is that it can be used in a powder form, then after

the milling, supposing the milled powder is homogeneous, the inevitable loss of powder during the
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pressing and melting process should not change the stoichiometry of the sample. Additionally the

use of the Ti granules was found to damage the pressing die.

Figure 4.2 is the TGA of the LaTiO3 in air with the same temperature profile that would be used

to dry the raw material in a muffle furnace in air : a heating and cooling ramp of 5°C per minute

from room temperature to 300°C with a dwelling time of two hours. Until 200°C, the mass slightly

decreased, then increased until the end of the dwelling time. From the dwelling time the mass

continues to increase at a lower rate, such that the final mass increased by more than 0.1 %. The

decrease in mass from the start to 200°C was lower than 0.025%, so a decomposition of compounds

such as hydroxides or evaporation of moisture is not strongly in evidence for temperature below

300°C. The final mass increase could be due to the absorption of O to form monoclinic La2Ti2O7

or hydroxide. As single phase LaTiO3 was observed on the XRD patterns (Figure 4.1), the vast

majority of La ions should share liaison with Ti ions such that the formation of hydroxides is

much less likely to occur when compared to raw TiO2 or La2O3. However, the oxidation of Ti3+ is

plausible. During the process, the decomposition of hydroxides and oxidation can occur, but the

second has to be much more important. Thus it is then concluded that drying the LaTiO3 in a

muffle furnace in air prior to the reaction is not beneficial. Concisely, the choice and the preparation

of the raw materials for the synthesis of the doped alkaline earth titanate is important, we observed

the best repeatability for the LaTiO3 synthesis by using titanium monoxide and preparing the

powder in a glovebox.
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Figure 4.1: XRD patterns of different synthesis of LaTiO3 with Ti or TiO precursors, with
different delay after the melting, pattern of a sample that matched single phase LaTiO3 and

others with layered perovskite La2Ti2O7.

Figure 4.2: TGA plot of LaTiO3 powder in air with a heating and cooling rate of 10°C per minute
and a dwell of two hours.
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4.3 Structure, microstructure, and oxidation properties

X-Ray diffraction data Figures 4.3 and 4.4 are the powder XRD patterns and expanded powder

XRD patterns centred at 2θ value of 32.5° of the system LaxBa1–xTiO3 produced by arc melting.

The plots include for comparison XRD data obtained from commercial undoped BaTiO3 material

that was synthesised in air. The undoped commercial BaTiO3 synthesised in air was a white

powder, and its XRD pattern matched with a tetragonal P4/mmm space group. However, the

undoped samples after synthesizing in an arc melting in an argon atmosphere were dark blue/grey

in comparison and were identified to have a hexagonal (P63mmc) structure. The influence of the

Ti oxidation number on the colour is well established, and this modification of the O vacancies is

attributed to the change of the crystal structure after the arc melting.

The introduction of doping induced a change to a space group of higher symmetry. Publications

in the literature diverge whether the space group from doping is Ibmm orthorhombic or cubic

Pm3m [156, 158]. As the Ibmm space group also has a high symmetry like cubic Pm3m, powder

XRD can not easily distinguish between the two space groups. However we identified the doped

composition to be cubic until La0.8Ba0.2TiO3. In agreement with the former studies, La0.8Ba0.2TiO3

and LaTiO3 were identified as orthorhombic Pbnm. From La0.05Ba0.95TiO3 to La0.3Ba0.7TiO3,

weak peaks of a hexagonal undoped BaTiO3 were present with the cubic Pm3m peaks. These

peaks formed a left shoulder to the [110] cubic peak. The intensity of these hexagonal peaks

decreased with the La-doping. From La0.8Ba0.2TiO3 to LaTiO3, the space group was determined

to be orthorhombic Pbnm, in agreement with the former studies [156, 158]. No layered perovskite

phase was detected. If La could not be inserted in the Ba site (or only a few percent), it would

result in an increase in the intensity of the peaks associated with undoped BaTiO3 and/or a layered

perovskite phase with the La content of the samples.

The peaks of all the XRD patterns (except the commercial BaTiO3) were not sharp, exhibiting

broadening. For Sunstrom et al, the broadness of the XRD peaks came from the Imma space

group, the Imma space group is not cubic and induced a small peak splitting, the splitting is too

small to be detected and on the XRD pattern and the splitted peaks merged in one broader peak.
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This broadening could be associated with a smaller grain size, with the commercial sample being

highly crystaline large graines while the samples produced by arc melting did not have sufficient

time to grow. Values of the crystallite size calculated with the Scherrer equation [189]:

L =
Kλ

βcos(θ)
(12)

Where L is the crystallite size, K the shape factor, λ the X-ray wavelength, β the full width at half

maximum (FWHM), and θ the Bragg angle. With K = 0.89, the values obtained were below 100 nm,

for example La0.4Ba0.6TiO3, the calculated FWHM was 0.124 ± 0.0046 ° , giving crystallite a size of

66 ± 2.5 nm. These values do not make physical sense. An alternative explanation of this broadness

is proposed in the SEM (page 75) and EPMA (page 81) parts. Briefly, on the microscopic scale,

the chemical compositions were different to some extent, centered on the theoretical composition,

making the XRD peak broader than if the composition of the grains were 100% homogenous.

From undoped BaTiO3 to La0.9Ba0.1TiO3, a shift in the position of the peaks to higher angles was

observed. The shift was especially visible with the plot from 30 ° to 35° in Figure 4.4. This was

the result of the decrease in the lattice constant which is an indication of the insertion of the La

in the crystal structure; as La has a smaller ionic radius than Ba, a decrease is expected. However

LaTiO3 shifted back toward the lower angles, for that composition only a secondary non-perovskite

phase was identified by SEM (Figures 5.16k, 5.16l, and 5.17f).
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Figure 4.3: Powder XRD patterns of the system LaxBa1–xTiO3 produced by arc melting with
argon atmosphere and commercial BaTiO3.
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Figure 4.4: Expanded powder XRD patterns of the system LaxBa1–xTiO3 produced by arc
melting with argon atmosphere and commercial BaTiO3.
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Figures 4.5 and 4.6 are respectively the plot of the lattice edge length and the lattice volume of

the system LaxBa1–xTiO3 produced by arc melting and show the reduction of the lattice constant.

The values were calculated from the powder XRD patterns. The decrease in the volume, even if

not totally linear, follows the Vegard’s law until LaTiO3. For the samples identified as cubic, the

volume decreases from 63.80 ± 0.01 Å3 for La0.05Ba0.95TiO3 to 61.76 ± 0.02 Å3 for La0.7Ba0.3TiO3.

With the change of the space group, the volume is increased to 247.36 ± 0.08 Å3 for La0.8Ba0.2TiO3.

These results indicate that the La was inserted in the A-site of the perovskite structure with no

detectable non-perovskite phase. As observed with the angle shift, the lattice volume of LaTiO3

(247.1 ± 0.14 Å3) was slightly higher than La0.9Ba0.1TiO3 (247.4 ± 0.08 Å3), suggesting the presence

of a non-perovskite phase in a too-small proportion to be detected by XRD.

Figure 4.5: Plot of the lattice edge length of the system LaxBa1–xTiO3 produced by arc melting,
calculated from the XRD patterns. Error bars are smaller than the symbol size.

61



4.3 Structure, microstructure, and oxidation
properties

4 SYNTHESIS, STRUCTURAL, AND
THERMOELECTRIC PROPERTIES OF

LaxBa1–xTiO3

Figure 4.6: Plot of the lattice volume of the system LaxBa1–xTiO3 produced by arc melting,
calculated from the XRD patterns. Error bars are smaller than the symbol size.

Figures 4.7 and 4.8 are respectively the powder XRD patterns and powder XRD patterns centered

on 2θ value of 32.5° of the system LaxBa1–xTiO3 produced by arc melting and followed by a SPS

sintering. Overall the powder XRD patterns were similar. For lightly La-doped samples the intensity

of the peaks identified to BaTiO3 slightly decreased. As with the melted sample a shift to the lower

angle is present, highlighted in Figure 4.8. The FWHM decreased after the SPS sintering, as

shown in Figure 4.11, which could mean larger crystallite sizes, however, SEM observations showed

an increase in the grain size. Additionally the calculated crystallite sizes were below 100nm, for

example the calculated FWHM of La0.4Ba0.6TiO3 was 0.106 ± 0.0039 °, which gives a crystallite

size of D = 77 ± 2.9 nm, which does not make physical sense. However, with the alternative

explanation discussed in the SEM and EPMA parts, the decrease of the FWHM indicates a higher

homogeneity of the chemical composition of the grains. For both arc melted and SPS sintered

samples, the FWHM was the highest for the samples La0.2Ba0.8TiO3, and the smallest for the

samples La0.6Ba0.4TiO3.

Figures 4.9 is the plot of the lattice edge length of the LaxBa1–xTiO3 produced by arc melting
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followed by SPS sintering. Lattice volume after the arc melting and after the SPS is plot in Figure

4.10. The volume decreased with the La content following the Vegard’s law, from 63.93 ± 0.01 Å3

for La0.05Ba0.95TiO3 to 62.13 ± 0.02 Å3 for La0.6Ba0.4TiO3. With the change of the space group the

volume increased to 247.1 ± 0.31 Å3 for La0.8Ba0.2TiO3. The lattice volume of LaTiO3 was higher

than La0.8Ba0.2TiO3 with 248.8 ± 0.06 Å3, suggesting the presence of a non-perovskite phase in

a too-small proportion to be detected by XRD. The lattice volumes of the SPS sintering samples

were close to the arc melted samples, the highest difference was 0.34 ± 0.05 Å3 for the samples

La0.3Ba0.7TiO3. The variations of volume between the arc melted and SPS sintered samples may

be because of a higher homogeneity of the La in the sample during the SPS sintering or the loss

of oxygen during the SPS sintering, resulting of a higher amount of Ti3+ that have a higher ionic

radius than Ti4+ [190]. XRD data showed that arc melting followed by an SPS sintering is a suitable

way to produce La doped BaTiO3.

While with conventional furnace sintering, the solubility of La in BaTiO3 is as low as 0.3% [191],

by reacting the oxides with an arc melter, the full series can be achieved. In their work, Eylem

et al successfully doped BaTiO3 with La and obtained a perovskite phase but observed BaO when

0.5 ≤x ≤ 0.8, in our case no such impurities were observed. In their work, they could not obtain a

perovskite phase when doped with Gd for x > 0.2 and when doped with Y for x > 4. As explained in

the subsection 4.2, improper control of the raw materials can lead to significantly different results,

it is possible that a higher solubility limit for Gd and Y can be achieved by taking more care of the

raw materials before the melting.
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Figure 4.7: XRD pattern of the system LaxBa1–xTiO3 produced by arc melting with argon
atmosphere followed by a SPS sintering at 1450°C for 10 minutes in high vacuum (diffusion
pump) with a heating and cooling rate of 100°C/min and an applied pressure of 40 MPa.
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Figure 4.8: Expanded XRD pattern of the system LaxBa1–xTiO3 produced by arc melting with
argon atmosphere followed by a SPS sintering at 1450°C for 10 minutes in high vacuum (diffusion

pump) with a heating and cooling rate of 100°C/min and an applied pressure of 40 MPa.
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Figure 4.9: Plot of the lattice edge length of the system LaxBa1–xTiO3 produced by arc melting
with argon atmosphere followed by a SPS sintering at 1450°C for 10 minutes in high vacuum
(diffusion pump) with a heating and cooling rate of 100°C/min and an applied pressure of 40

MPa. Error bars are smaller than the symbol size.

Figure 4.10: Plot of the lattice volume of the system LaxBa1–xTiO3 after the arc melting with
argon atmosphere and after the SPS sintering at 1450°C for 10 minutes in high vacuum (diffusion
pump) with a heating and cooling rate of 100°C/min and an applied pressure of 40 MPa. Error

bars are smaller than the symbol size.
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Figure 4.11: Full width at half maximum of the samples LaxBa1–xTiO3 produced by arc melting
with argon atmosphere, and produced by arc melting with argon atmosphere followed by a SPS
sintering at 1450°C for 10 minutes in high vacuum (diffusion pump) with a heating and cooling

rate of 100°C/min and an applied pressure of 40 MPa.

TGA By heating the samples in an oxygen rich atmosphere, the doping mechanisme in eq 3 (page

20) and eq 7 (page 27) should be reversed, oxygen would then be absorbed by the sample resulting

in an irreversible increase of the mass. Figure 4.12 is the plot of the TGA curves in air of the

series LaxBa1–xTiO3 produced by arc melting in argon. The TGA were set for two ramps with a

heating and cooling rate of 10°C per minute from room temperature to 1000°C in a air flow of 100

mL.min−1. The profiles of all the analysed samples are similar, in which around 250-300°C the

sample’s weight increase. The difference between the starting mass and the final mass increases

proportionaly with the La content, as the stoichiometry of La increases, the ratio Ti3+/Ti4+ is

higher. These Ti ions can then be oxidized at high temperature resulting in a mass increase during

the TGA experiment. The TGA data indicates that the La doping induces Ti reduction and then

increases the charge carrier concentration of the doped BaTiO3. Figure 4.13 is the plot of the

final mass increase for different doping level, also plot the final mass increase normalised by the
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ratio MO

MLaxBa1−xTiO3
to take into account the change of molar mass with the doping level. The

trend is linear, indicating that the oxidation stats of the Ti is proportional to the La content, then

the doping mechanisme remains similar over the whole range of doping. The TGA are consistent

with the results of Eylem et al, they observed a correlation between the oxygen uptake and the La

doping [158].

Figure 4.12: TGA plot of LaxBa1–xTiO3 in air from room temperature to 1000°C, with a heating
and cooling rate of 10°C per minute, heating step plotted in solid line, cooling step plotted in

dash line. Powder from crushed pellets produced by arc melting in argon.
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Figure 4.13: Influence of the doping level on the difference of mass after the TGA for the series
LaxBa1–xTiO3, plot in Figure 4.12. Powder from crushed pellets produced by arc melting in argon.

Figure 4.14 is the plot of the TGA in air from RT to 1250°C of the SPS sintered samples. All of the

samples plateaued during the TGA indicating that they were fully oxidised. The temperature at

which they plateaued was correlated to the La content. At first, La doping increased the oxidising

temperature, but decreased it with more doping, around for example 350°C for La0.4Ba0.6TiO3 and

250°C for La0.8Ba0.2TiO3. The temperature at the end of the oxidation also decreased, for example

1050°C for La0.2Ba0.8TiO3 and 725°C for La0.8Ba0.2TiO3. La0.05Ba0.95TiO3 is a special, the mass

increased at two different temperatures, around 100°C and 500°C. This behaviour is explained by

the presence of undoped BaTiO3 grains in the sample. The undoped BaTiO3 oxidised at a lower

temperature than the La-doped BaTiO3, resulting in two slops. Figure 4.15 is the plot of the final

mass for the different doping levels after the SPS step, also plot the mass increased normalised by

the ratio MO

MLaxBa1−xTiO3
to take into account the change of molar mass with the doping level. The

final mass was proportional to the La content linearly. In the absence of a donor doping mechanism,

the oxygen vacancy concentration would not be proportional to the La content, then it indicates

that electronic compensations (eq 7 in page 27) occurred without ionic compensation.

69



4.3 Structure, microstructure, and oxidation
properties

4 SYNTHESIS, STRUCTURAL, AND
THERMOELECTRIC PROPERTIES OF

LaxBa1–xTiO3

Figure 4.14: TGA of LaxBa1–xTiO3 powders in air from RT to 1000°C, with heating and cooling
rate of 5°C/min with a flow of 100 mL/min, heating step plotted in solid line, cooling step in dash
line. Powders from the crushed pellets SPS sintered at 1450°C in high vacuum (diffusion pump)
for 10 minutes with a heating and cooling rate of 100°C/min and applied pressure of 40 MPa.

Figure 4.15: Influence of the doping level on the difference of mass after the TGA for the series
LaxBa1–xTiO3, plot in Figure 4.14. Powders from the crushed pellet SPS sintered at 1450°C in
high vacuum (diffusion pump) for 10 minutes with heating and cooling rate of 100°C/min and

applied pressure of 40 MPa.
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Figure 4.16 is the powder XRD patterns of the powder after the TGA run for two compositions.

The amount of powder used was small, thus the signal to noise ratio is relatively poor, and the scan

was repeated with a longer time for La0.2Ba0.8TiO3. No change of the powder XRD pattern has

been observed for La0.1Ba0.9TiO3. For La0.2Ba0.8TiO3 no new peaks have been detected, the left

shoulder of the peak at 32° is not visible anymore and the peak splitting is smaller. This change of

the XRD pattern may be due to allowing diffusion of the La ion resulting of a better homogeneity

of the chemical composition. However the time of the TGA run was "short" and the powder not

pressed before the TGA, in that condition a diffusion of the La ion is not probable. The other

possibility is a change of the crystal structure because of the O absorbtion. Because the perovskite

phase is the only observed after the TGA, it is concluded that the weight increase during the TGA

is only because of the O absorbtion in consequence of the "reversal" of the doping mechanisme in eq

3 (page 20), 4 (page 21), and 7 (page 20). These results are comparable to those obtained by Lu et

al, the values of the weight gain increased with the doping content while the electrical conductivity

at 473K reached the maximum for x=0.175 for the LaxSr1–3x/2TiO3 system [100].

Figure 4.16: Powder XRD patterns of the powder after the TGA run in air at 1250°C, XRD scan
of 30 minutes for La0.2Ba0.8TiO3, XRD scan of 6 minutes for La0.1Ba0.9TiO3.
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Density The influence of the main SPS parameters on the density was observed for the La0.2Ba0.8TiO3

composition. The theoretical density was defined from the lattice parameters calculated from the

XRD patterns. The influence of the O vacancy on the mass was neglected. The densities were

measured by direct measurement of the masses and volumes with a precision balance and a cal-

iper. Respectively, Figures 4.17, 4.18, 4.19, and 4.20 are the influence of the temperature, applied

pressure, cooling rate and heating rate on the final density of the sample for La0.2Ba0.8TiO3. The

sample sintered with a cooling rate of 200°C per minute was less dense than the other (Figure 4.19)

but no significant difference was observed between the samples with the cooling rates of 50°C.min−1

and 100°C.min−1. With a higher cooling rate, the time during the sample is at a high temperature

is longer, leading to a higher sintering time. The heating rate, the cooling rate, and the applied

pressure did not have a significant influence on the final density of the samples. The temperature

played an important role, the higher the temperature of sintering, the higher the density. Densities

were higher than 90% from 1350°C. A higher density would result in higher electrical conductivity.

However, we concluded that the difference in density induced by a higher SPS sintering temperature

was not drastic enough to generate an important increase in the electrical conductivity.

72



4.3 Structure, microstructure, and oxidation
properties

4 SYNTHESIS, STRUCTURAL, AND
THERMOELECTRIC PROPERTIES OF

LaxBa1–xTiO3

Figure 4.17: Relative density of the SPS sintered pellets for different sintering temperatures for
La0.2Ba0.8TiO3 under vacuum, and an applied pressure of 40 MPa.

Figure 4.18: Relative density of the SPS sintered pellets for different applied pressures for
La0.2Ba0.8TiO3 at 1400°C under vacuum.
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Figure 4.19: Relative density of the SPS sintered pellets for different cooling rates for
La0.2Ba0.8TiO3 at 1400°C under vacuum, with an applied pressure of 40 MPa.

Figure 4.20: Relative density of the SPS sintered pellets for different heating rates for
La0.2Ba0.8TiO3 at 1400°C under vacuum, with an applied pressure of 40 MPa.
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Figure 4.21 is the plot of the relative density for the samples LaxBa1–xTiO3 sintered by SPS at

1450°C. The proportion of La was a determinant of the sinterability of the material. Samples at the

lower end of the La content was more than 90% dense. From La0.4Ba0.6TiO3, the relative densities of

the samples were below 90%. TGA data showed that the O vacancy concentration was proportional

to the La content (Figure 4.13) and the underestimations of the relative masse of the samples were

proportional to the La content (oxygen vacancies were neglected to calculate the theoretical mass

from the XRD patterns). However, the drop in the density with the La concentration was much

higher than the effect of the O loss. So, the decrease in the measured relative density was caused

by higher porosity. An increase in the porosity with the La content was consistent with the SEM

observations (Figure 4.22).

Figure 4.21: Relative density of the samples LaxBa1–xTiO3 produced by arc melting in argon and
sintered by SPS at different temperature in high vacuum (diffusion pump) for 10 minutes with a

heating and cooling rate of 100°C per minute and an apllied pressure of 40MPa.

SEM Figures 4.22 are a selection of secondary electron images and backscattered electron images

with the EDX target positions of the LaxBa1–xTiO3 SPS sintered pellets. Table 4.1 shows the EDX

results. Figure 4.23 is an EDX spectra of the sample La0.2Ba0.8TiO3 with the labelled X-ray energy

of the Ba, La, and Ti. The overlap between the X-ray energy of the three elements is important,
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such that the information of the element quantification should be considered with caution. Unlike

the samples after the arc melting, the microstructure of the sample were similar to a conventional

sintering with a relative homogeneous microstructure after the SPS sintering [192]. The number of

pores and their sizes tended to increase with the La content, suggesting a higher porosity, which is

in agreement with the measured density (Figure 4.21). The relatively high porosity of the samples

with a high concentration of La was highlighted in Figure 4.22i. No difference in contrast was

observed for the undoped BaTiO3 in backscattered mode (Figure 4.22n) showing a dense single

phase material. However, the surface of the doped samples showed zones of different contrast. For

example, in Figure 4.22d (sample La0.2Ba0.8TiO3), a large dark area was visible. Note the very dark

area around the target five was likely to be an artefact as the result of the spectrum five in Table 4.1b

was not sufficiently different from the others darkened areas. Additionally, two unidentified objects

were present on the Figure 4.22c at the same positions. These may be particles deposited after

the carbon coating, resulting in a charge accumulation that disturbed the electron beam around

these particles. It could also be an artefact from melted epoxy, epoxy melted by the electron flow

were visible through the optical microscope, then melted epoxy could be present in Figure 4.22l.

A brighter zone was detected for the sample La0.1Ba0.1TiO3, (Figures 4.22a and 4.22b) the EDX

detected La, but it is likely to be a La-poor phase, possibly undoped BaTiO3 which is compatible

with the XRD observations. It appeared that the central members of the series had less areas with

different contrast. This may indicates a higher homogeneity of the chemical composition for these

samples.

All the EDX analyses showed a Ba concentration higher than 50 atm%, which was very likely to

be an overestimation as B-site vacancies in undoped BaTiO3 is not reported in the literature. For

all the targets, the three elements were detected, and for each sample, the concentration of Ba was

in the same order of magnitude. That indicates the formation of the perovskite phase at all the

analyzed zones, which is in agreement with the XRD data.
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(a) La0.1Ba0.9TiO3,
secondary electron mode.

(b) La0.1Ba0.9TiO3, backscattered electron mode
with EDX targets, results in Table 4.1a.

(c) La0.2Ba0.8TiO3,
secondary electron mode.

(d) La0.2Ba0.8TiO3, backscattered electron mode
with EDX targets, results in Table 4.1b.

(e) La0.3Ba0.7TiO3,
secondary electron mode.

(f) La0.3Ba0.7TiO3, backscattered electron mode
with EDX targets, results in Table 4.1c.
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(g) La0.4Ba0.6TiO3,
secondary electron mode.

(h) La0.4Ba0.6TiO3, backscattered electron mode
with EDX targets, results in Table 4.1d.

(i) La0.6Ba0.4TiO3,
secondary electron mode.

(j) La0.6Ba0.4TiO3, backscattered electron mode
with EDX targets, results in Table 4.1e.

(k) La0.8Ba0.2TiO3,
secondary electron mode.

(l) La0.8Ba0.2TiO3, backscattered electron mode
with EDX targets, results in Table 4.1f.
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(m) BaTiO3, secondary electron mode. (n) BaTiO3, backscattered electron mode.

Figure 4.22: SEM images of LaxBa1–xTiO3 melted in argon and sintered by SPS at 1450°C in high
vacuum (diffusion pump), with a heating and cooling rate of 100°C per minute and an applied

pressure of 40MPa.

Figure 4.23: EDX spectra of La0.2Ba0.8TiO3 sintered by SPS at 1450°C in high vacuum (diffusion
pump) for 10 minutes with a heating and cooling rate of 100°C/min and an applied pressure of 40

MPa of the powder synthesized by arc melting in argon.
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Table 4.1: EDX targets results of Figures 4.22.

(a) EDX results of La0.1Ba0.9TiO3 in atomic
percent, targets position in Figure 4.22b.

Target Ti Ba La La + Ba
1 56.9 40.4 2.7 43.1
2 56.3 40.0 3.7 43.7
3 57.0 40.4 2.6 43.0
4 57.5 40.4 2.1 42.5
5 55.0 41.9 3.1 45.0
6 56.4 40.5 3.1 43.6

Theorectical 50 45 5 50

(b) EDX results of La0.2Ba0.8TiO3 in atomic
percent, targets position in Figure 4.22d.

Target Ti Ba La La + Ba
1 55.5 38.6 5.9 44.5
2 57.2 39.8 3.0 42.8
3 54.7 33.6 11.7 45.3
4 54.1 36.3 9.7 46.0
5 56.2 32.1 11.7 43.8
6 54.3 38.7 7.0 45.7
7 56.0 32.4 11.6 44.0
8 56.1 34.8 9.2 44.0

Theorectical 50 40 10 50

(c) EDX results of La0.3Ba0.7TiO3 in atomic
percent, targets position in Figure 4.22f.

Target Ti Ba La La + Ba
1 54.7 19.1 26.2 45.3
2 54.1 22.9 23.0 45.9
3 55.4 31.3 13.3 44.6
4 54.0 21.7 24.4 46.1
5 56.0 33.4 10.6 44.0
6 56.7 34.0 9.3 43.3

Theoretical 50 35 15 50

(d) EDX results of La0.4Ba0.6TiO3 in atomic
percent, targets position in Figure 4.22h.

Target Ti Ba La La + Ba
1 53.5 20.0 26.5 46.5
2 54.3 19.0 26.7 45.7
3 53.7 23.7 22.6 46.3
4 51.3 23.7 25.0 48.7
5 55.0 28.1 16.9 45.0
6 53.9 22.0 24.1 46.1

Theoretical 50 30 20 50

(e) EDX results of La0.6Ba0.4TiO3 in atomic
percent, targets position in Figure 4.22j.

Target Ti Ba La La + Ba
1 54.3 17.3 28.4 45.7
2 54.1 19.7 26.2 45.9
3 53.6 14.8 31.6 46.4
4 51.7 19.3 29.0 48.3
5 54.5 15.4 30.2 45.6
6 54.8 19.5 25.7 45.2

Theoretical 50 20 30 50

(f) EDX results of La0.8Ba0.2TiO3 in atomic
percent, targets position in Figure 4.22l.

Target Ti Ba La La + Ba
1 52.7 8.5 38.8 47.3
2 53.5 9.5 37.1 46.6
3 53.6 7.4 39.0 46.4
4 52.0 9.6 38.5 48.1
5 53.4 7.5 39.2 46.7
6 51.5 8.0 40.5 48.5

Theoretical 50 10 40 50
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EPMA, samples after arc melting Figures 4.24 to 4.29 and 10.1 to 10.11 (in appendice

from page 180) are the elemental maps and the EPMA backscattered images of the arc melted

LaxBa1–xTiO3 samples. The location of the point elemental analysis were manually located. Tables

4.2 to 4.4 and 10.1 to 10.5 (in appendice) are the results of the WDX. These analyses were conducted

during early experiments without the use of a glove box throughout the entire procedure and when

Ti metal was used as raw materials to produce the LaTiO3. The polished pieces of ceramics were

the remaining parts of the samples used for other characterisations. However, this resulted in the

samples not coming from comparable areas of the melted samples, so the resultant images could

not be used to compare the morphology of each sample. The morphologies greatly varied from

those obtained through conventional sintering, likely due to the result of the very fast cooling rate

induced by the arc melting process. All of the samples contained some features that were larger

than 100 µm. Such features can lead to a slight variation of incidence angle from the electron beam.

This can lead to a variation in contrast of the backscattered images as the EPMA is much more

sensitive to these angles than a SEM.

The O contents were directly measured and the values were not normalized, except for tables 10.3

(page 183) and 10.5 (page 187). For these tables, the element values in atomic % were normalised

(sum of the atomic values set to 100%) but the total values are in weight % and not normalised

(the file with the value in atm % was corrupted). The sums of the elements give informations about

the precision of the analysis of each point; a value too far away from 100 would indicate inaccurate

data. Here, most of the points have a sum = 100 ± 2% and no points overpass 100 ± 3%. O is a

light element that is difficult to quantify even with a WDX, the samples would be expected to be

reduced during the synthesis, so the average O concentration should be lower than the theoretical

(60%). However, all of the points were found to be greater than 60%. All of the samples can be

split in three groups, the first being 0.1 ≤ x ≤ 0.3; the chemical composition of the phases were not

the same. The second being 0.3 ≤ x ≤ 0.7; one dominant main phase with homogeneous chemical

compositions. The last being x > 0.7; La-rich phases were observed as small dots or lines. An

exemplar sample from each of these groups will be further elaborated on below. The data of the

others composition are in appendice.
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Some of the maps were based on areas of interest (for example, the presence of secondary phases)

and are not fully representative. However, it does provide some qualitative informations on the

chemical composition of areas where it was not possible to process a point analysis. Figure 4.24 are

the elemental maps of O, Ti, Ba, and La all in weight%. The maps of O and Ti show a homogeneous

distribution of these elements on all of the surfaces of the sample except at the pores which give rise

to incorrect values. The map of Ba shows areas with different concentrations of Ba. The surfaces

are coloured in red around 60W%, yellow around 50W%, and green around 40W%. The red areas

on the Ba map coincided with the brighter zone on the backscattered image. The map of the

La shows areas with high differences of concentration, red-magenta with a concentration around

13W%, blue-green around 6W%, and dark blue with no detection of La. The blue areas coincide

with the bright white areas on the backscattered image. It was concluded that these areas were

undoped BaTiO3. On the elemental map, a lack of Ba was compensated by a higher concentration

of La and vice versa.

Figure 4.25 is the backscattered EPMA images of La0.1Ba0.9TiO3 with the targets of the point ana-

lysis; the results of the analysis are in Table 4.2. No La was observed for the points 25, 26, 27, and

28 in Figure 4.25; the bright areas should correspond to phases with an absence of La. Darker areas

seemed to contain La in a few %, such as 1.71% for target 19. However, it is not possible to use

the colour contrast of the image to estimate the amount of La. This is because a large part of the

contrast came from the small differences of angles between the gun, the beamed area, and the de-

tector. Due to this, a smaller proportion of the contrast came from the chemical composition when

compared to a SEM. For example, the points 19 and 23 demonstrated there was a large contrast on

the backscattered image, but the chemical compositions were very close, La : 1.71% vs 1.70% Ba :

16.71% vs 16.62% Ti : 19.21% vs 19.00% O : 62.37% vs 62.67%. This effect was observable for all of

the images, so no qualitative interpretation of a possible difference of atomic composition between

two areas with a different contrast can be performed without a chemical analysis. The variation in

the concentration of La was high compared to the theoretical value (2%), from a total absence of

La, such as points 28, to more than 5% for point 29. The variation of the Ba was relatively large

as well, from 13% for points 29 to 19% for point 28. The concentration of both La and Ba, which
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are in theory the elements at the A-site of the required perovskite structure, was stable between

18% and 19% at all of the points. While the concentrations of La and Ba varied, the concentration

of Ti was consistent for all points as all of them are between 19% and 20 %. The concentration of

O was also very stable, between 61% and 63% for all of the points.

Table 4.2: Element composition of several points of La0.1Ba0.9TiO3 by EPMA of Figure 4.25,
concentration in atomic %.

Target La Ba La+Ba Ti O Total
16 2.08 16.28 18.36 19.21 62.42 100.25
17 3.69 14.80 18.49 19.06 62.45 101.10
18 2.18 16.45 18.63 19.17 62.20 100.17
19 1.71 16.71 18.42 19.21 62.37 99.98
20 1.57 16.92 18.49 19.01 62.50 100.93
21 0.68 17.71 18.39 19.20 62.41 99.84
22 1.02 17.46 18.49 19.22 62.29 100.03
23 1.70 16.62 18.33 19.00 62.67 99.98
24 3.78 14.69 18.47 19.31 62.22 99.88
25 0.00 18.19 18.19 19.00 62.81 100.50
26 0.00 18.50 18.50 19.27 62.23 100
27 0.00 18.29 18.29 19.23 62.48 99.89
28 0.00 19.05 19.05 19.47 61.48 99.71
29 5.39 13.12 18.51 19.12 62.37 101.13
Theoritical 2 18 20 20 60 100
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Figure 4.24: WDX element map fox La0.1Ba0.9TiO3, concentration in weight%.

Figure 4.25: EPMA backscattered electrons image of La0.1Ba0.9TiO3, element composition in
Table 4.2.
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Figure 4.27 is a backscattered image of the sample La0.4Ba0.6TiO3 with the targets chosen randomly,

the results of the element points analysis are given in table 4.3. We can identify three kinds of

morphologies. Big structures that were dominant at the upper left of the image, medium size

structures with a smaller width, and those that are separated by thin white phases. The element

compositions of the first two are all similar and in agreement with the theoretical composition, with

an amount of La always being slightly higher than the theoretical and an amount of Ba always being

slightly lower than the theoretical. For example, La : 8.77% Ba : 9.87% Ti : 19.22% O : 62.14% for

target one, when the theoretical is La : 8% Ba : 12% Ti : 20% O : 60%. The chemical compositions

of these white phases were Ba-rich with an absence of La according to the element point analysis,

e.g. target 10 : La : 0% Ba : 18.77% Ti : 19.5% and O : 61.73%. For all points analysed, the

sum of the La and the Ba were very similar, between 18% and 19%, which is consistent with the

theoretical value.

The elemental maps of this sample are showed in Figure 4.26. The spot was chosen to observe the

smaller structures with some white phases between them. The maps of the O and Ba were both

homogeneous and coloured in green-yellow which gives values around 15W% for O and approxim-

ately 22W% for Ba compared with the respective theoretical values : 20.52W% and 20.47W%. The

Ba map shows that the white phases, coloured in red, were rich in Ba with a concentration around

60W% which is the theoretical value of the sum of the La and Ba in weight percent. The medium-

sized structure was mainly in dark blue around 22W% with a transition in blue-cyan-green toward

the white phases. This gradient of the concentration of Ba is not visible on the backscattered im-

age. The map of the La showed the quasi identical of what would be the complementary (opposite)

colours of the Ba’s map; the white phases were coloured in dark blue, which corresponds to an

absence of La, and the medium-sized structure was mainly coloured in red which is an approximate

value of 32W%.
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Figure 4.26: WDX element map of La0.4Ba0.6TiO3, concentration in weight%.

Figure 4.27: EPMA backscattered electrons image of La0.4Ba0.6TiO3, element composition of the
points in Table 4.3.
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Table 4.3: Element composition of several points of La0.4Ba0.6TiO3 by EPMA of Figure 4.27,
concentration in atomic%.

Target La(%) Ba(%) La+Ba(%) Ti(%) O(%) Total(%)
1 8.77 9.87 18.63 19.22 62.14 101.06
2 8.27 10.35 18.62 18.92 62.46 101.50
3 8.09 10.57 18.66 18.74 62.60 101.85
4 7.82 11.03 18.85 18.79 62.37 101.73
5 8.81 9.97 18.79 19.36 61.85 101.60
6 9.11 9.62 18.73 19.21 62.05 101.29
7 8.67 10.31 18.99 19.21 61.80 101.37
8 10.01 8.94 18.96 19.28 61.76 101.11
9 9.40 9.32 18.72 19.16 62.12 101.83
10 10.88 7.89 18.77 19.17 62.06 101.24
11 0.00 18.77 18.77 19.5 61.73 100.88
12 0.00 18.87 18.87 19.63 61.50 100.54
13 0.00 18.36 18.36 19.24 62.39 100.74
14 0.00 19.01 19.01 19.09 61.89 98.93
15 9.11 9.72 18.83 19.19 61.98 101.57
Theoritical 8 12 20 20 60 100

Backscattered image of the sample La0.7Ba0.3TiO3 is given in Figure 4.28, with the results of the

analysis in table 4.4. White dots and lines located at the grain boundaries were visible. Unfortu-

nately, it was not possible to do a chemical analysis on these points because their widths are too

small to be targeted. The points for chemical analysis were randomly selected; the results are given

in table 4.4. All points showed very similar chemical compositions such as La : 13% Ba : 5.5%, Ti

: 19.1% O : 62.3% for target number 33, which is in agreement with the theoretical value which is

La : 14% Ba : 16% Ti : 20% and O : 60%. This suggests that a main phase was present for most

of the surface of the sample with a probable second phase that was not possible to analyse by point

analysis.

The elemental maps of La0.7Ba0.3TiO3 is shown in Figure 4.29. The spot was chosen to analyse

for the white phase visible on the backscattered image. A main phase and a brighter white second

phase with nets like patterns (grain boundaries) were visible. The concentration of La in the main

phase coloured in green seemed to be homogenous around 54W%, but the concentration in the

second phase coloured in red-magenta was higher, being approximately 67W%. The concentration

of Ba is slightly variable in the main phases coloured in green-red, being approximately 4W% to
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Table 4.4: Element composition of several points of La0.7Ba0.3TiO3 by EPMA of Figure 4.29.
Concentration in atomic%.

Target La Ba La+Ba Ti O Total
30 13.28 5.48 18.76 19.14 62.10 102.47
31 12.48 6.28 18.76 19.30 61.94 101.66
32 13.01 5.40 18.41 19.12 62.47 101.86
33 13.00 5.51 18.51 19.12 62.37 101.95
34 13.33 5.42 18.75 19.03 62.22 101.84
35 13.61 5.22 18.82 19.22 61.95 102.43
36 13.63 5.47 19.11 19.49 61.40 101.64
37 13.20 5.43 18.63 19.13 62.24 102.52
38 13.54 5.25 18.78 19.28 61.94 101.86
39 13.34 5.46 18.80 19.27 61.93 102
Theoritical 14 16 20 20 60 100

6W%. In the second phase, coloured in dark blue, no Ba was detected. The concentration of Ti was

also not homogenous, the concentration in that second phase in navy blue was about 15W%. The

the atomic ratio La/Ti in the second phase was about 1.6 instead of La+Ba
Ti = 1 for the theoretical

stoichiometry. The lack of Ba in the second phase cannot balance the very high amount of La to

conserve the theoretical stoichiometry of the A-site of the perovskite structure. The concentration

of O was homogeneous in the main phase, but not at the net like patterns. The O concentrations

were higher at the zones coloured in yellow-red, that gives a concentration around 17%, instead of

around 14% for the main phase areas coloured in green.
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Figure 4.28: WDX element map of La0.7Ba0.3TiO3, concentration in weight%.

Figure 4.29: EPMA backscattered electrons image of La0.7Ba0.3TiO3, element composition of the
points in Table 4.4.
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Figure 4.30 is the ternary diagram of all of the normalised elemental composition in Ba, La, and Ti

except of point three of table 10.3 (page 183). The black dots represent the theoretical composition

of the samples; the black line represent all of the possible compositions of the series LaxBa1–xTiO3

which correspond to a A/B ratio equal to one. It can be visually observed that while the samples

did not have a chemical composition very close to their theoretical one, they are still centred on it,

and with a few exceptions, all of the dots were close to the black line which shows that perovskite

structures with a A/B ratio = 1 were dominant. The EPMA data were in agreement with the XRD

data. The detection of BaTiO3 explains the left shoulder of the [110] peak. Except for the small La-

rich secondary phase in La0.7Ba0.3TiO3, perovskite phases were formed for all of the compositions.

As a result of the insertion of the La in the Ba site, there was an increase in the lattice volume

and the distribution of the La was non-homogeneous so should have resulted in peaks broadness.

The grain sizes observed on the SEM images are well over 1 µm, then the values of the crystallite

calculated in the XRD part did not describe the reality, another explanation of the width of the

peaks is needed.

Regarding the non-perovskite phase observed for samples with a high La content, unlike the results

of Eylem et al, no BaO rich phase was observed although they also only identified cubic perovskite

by XRD, and the change of the lattice constant followed the Vegard’s Law [158]. We partially agree

with Sunstrom et al as they identified the secondary phase as La2O3 [156], however, the WDX

detected a small amount of Ti as well. Sunstrom et al did not use WDX but EDX to analyse

the chemical composition of the La-rich phase and may not have detected the small amount of Ti.

Thus it is evident that we found this unreported La-rich compound in the samples with high La

content. Additionaly, we observed La-rich phase with Ti detected by SEM/EDX with measured

cation chemical composition of : La 88.3% - Ti 11.7%, and La 95% - Ti 5% (data in Table 5.1f at

page 128 in section 5).
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Figure 4.30: Ternary diagramme of the normalised concentration of La, Ti and Ba detected by the
WDX of LaxBa1–xTiO3 produced by arc melting in argon.
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EPMA, samples after SPS Figure 4.31 is the plots of the cations’ chemical composition detec-

ted by WDX with an EPMA. Figure 4.32 is the ternary plot of these chemical compositions. The

grain sizes of the samples SPS sintered from the powder of the crushed arc melted samples were

smaller than the sample after arc melting. As the grain sizes of the SPS sintered samples were much

smaller than the samples that were only melted, the magnification of the optical microscope was not

enough to do observations without difficulties, then the targets have been taken randomly with the

care of avoiding holes. Still, the relatively high number of points provides extensive informations

about the chemical composition of these ceramics. It has been chosen not to calculate the average

chemical composition as the value would be misleading, indeed it would not take into account the

size of the analysed grain and only areas away from holes have been analysed. At both ends of the

series, undoped BaTiO3 and undoped LaTiO3 show very homogenous compositions. The sample

La0.8Ba0.2TiO3 shows very stable chemical compositions and very close to the theoretical one. It

seems that La0.3Ba0.7TiO3 and La0.4Ba0.6TiO3 are the samples with widest range of compositions,

for La0.3Ba0.7TiO3 the minimum and maximum of La detected among the cations are respectively

11.8% and 29.1%, for La0.4Ba0.6TiO3 they are respectively 7.5% and 26.7%. La0.2Ba0.8TiO3 is the

only sample where undoped BaTiO3 has been detected. La deficient values have been detected in

the other samples, as for example target one of La0.2Ba0.8TiO3 has 5.9% of La cations concentration,

and in the other way target 25 has 48.5% of La among the cations. Except for La0.8Ba0.2TiO3 all

the analysed samples show a range of cation distributions centred in their theoretical composition.

All the analysed points show a (La+Ba)/Ti ratio very close to the unity as the La-rich areas are

Ba poor and La-rich areas are Ba rich. For all the analysed points no undoped LaTiO3 phase has

been detected. These results strongly indicate that the perovskite structure was formed for all the

made samples, the formation of non-perovkite phase has not been detected and if present it is in

very small quantities. The insertion of the La in the Ba site, even if not done homogeneously, is

very well highlighted by the results of the WDX, which suggestes that the arc melting followed by

SPS is a suitable method to produce donor doped BaTiO3. The crushing, milling, and short SPS

sintering improved the homogeneity of the cation’s distribution compared to the arc melted only

samples. SPS dwelling time longer than ten minutes may improve further the homogeneity.
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(a) BaTiO3. (b) La0.1Ba0.9TiO3.

(c) La0.2Ba0.8TiO3. (d) La0.3Ba0.7TiO3.

(e) La0.4Ba0.6TiO3. (f) La0.6Ba0.4TiO3.

(g) La0.8Ba0.2TiO3.

(h) LaTiO3.

Figure 4.31: Normalised concentration of La, Ti and Ba detected by the WDX of LaxBa1–xTiO3
melted in argon and sintered by SPS at 1450°C in high vacuum (diffusion pump), with a heating

and cooling rate of 100°C per minute and an applied pressure of 40MPa.
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Figure 4.32: Ternary diagramme of the normalised concentration of La, Ti and Ba detected by the
WDX of LaxBa1–xTiO3 produced by arc melting in argon and sintered by SPS at 1450°C in high
vacuum (diffusion pump) for 10 minutes with a heating and cooling rate of 100°C per minute and

applied pressure of 40MPa.
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4.4 Evaluation of the thermoelectric performances.

Electrical properties Figure 4.33 is the plot of the electrical conductivity from RT to 800°C

measured in static He atmosphere for the series LaxBa1–xTiO3 sintered by SPS at 1450°C, the

undoped BaTiO3 has been plot separately in Figure 4.34 for clarity. Until oxidised, all of the

doped samples showed a metallic behaviour, with their electrical conductivity decreasing with the

temperature, the undoped samples showed a semiconductor behaviour as its conductivity increased

with the temperature and reached the maximum around 550°C with 17 S.cm−1. The metallic

behaviour was an intrinsic property of the materials and not because of the expected oxidation

during the measurement because the drop of the conductivity was already in place before the

temperature of oxidation observed with the TGA in air (Figure 4.14 in page 70). The electrical

behavior could not be explained by contamination as the amount of impurity needed to be the

source of the increase of conductivity would be too high to not be detected by XRD and SEM.

Previous works observed a change from insulator/semiconductor to metal from La0.33Ba0.67TiO3

with a conductivity about 20 S.cm−1 at RT [157,158], whereas we observed metal conductivity for

all of the doped samples and a conductivity of 3700 ± 100 S.cm−1 at RT for La0.3Ba0.7TiO3. For

a point of comparison, La deficient La0.15Sr0.775TiO3 at 473K was around 2335 S.cm−1 [100] and

La0.08Sr0.92TiO3 produced by solution combustion and SPS was around 3025 S.cm−1 at RT [119].

The electrical conductivity at RT was increased with the La content until La0.4Ba0.6TiO3 because

of the increase of the charge carrier concentration. With further increases of the La content, the

electrical conductivity decreased in a non-regular way. TGA data (Figure 4.14 at page 70) suggested

that the carrier concentration continued to be increased, however, this was counterbalanced by the

decrease of the density of the sintered samples.

With the rise of the measuring temperature, the sensitivity to oxidation was also a key parameter.

All of the compositions had their electrical conductivity decreased after the measurement, the dif-

ferences before/after measurements were proportional to the La content. Because the oxidation

depends on the total surface of the sample, the gas purity and the time of the measurement, the

values obtained at high temperature did not only depend of the intrinsic properties of the bulk
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Figure 4.33: Temperature dependence of the electrical conductivity of LaxBa1–xTiO3 melted in
argon and sintered by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a
heating and cooling rate of 100°C per minute and applied pressure of 40MPa, measurement

carried in static He with a heating rate of 10°C per minute.

materials. At all of the measurement’s temperature La0.3Ba0.7TiO3 remained the most conduct-

ive, at 800°C the conductivity was 267 S.cm−1. In the work of Muta et al the conductivity of

La0.1Ba0.9TiO3 was 75 S.cm−1 at 873K [160], while in our case the conductivity of La0.1Ba0.9TiO3

was 106 ± 2.9 S.cm−1 at around 610°C. At room temperature the difference is more important,

they observed 200 S.cm−1 at 50°C, while we measured 990 ± 27 S.cm−1. For a point of comparison,

La deficient La0.15Sr0.775TiO3 at 973K was around 404 S.cm−1 and La0.08Sr0.92TiO3 produced by

solution combustion and SPS was around 166 S.cm−1 at 1045K.

Samples La0.5Ba0.5TiO3, La0.6Ba0.4TiO3, and La0.8Ba0.2TiO3 switched from metal to semiconductor

during the measurements resulting in an increase of their conductivity at 800°C compared to 750°C.

Figure 4.35 is the plot of the electrical conductivity during the cooling step of a few representative

compositions, during that step less data points were taken, from that time the samples were already

oxidised. The conductivity continued to decrease during the cooling step as at that point they
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Figure 4.34: Temperature dependence of the electrical conductivity of undoped BaTiO3 melted in
argon and sintered by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a
heating and cooling rate of 100°C per minute and applied pressure of 40MPa, measurement

carried in static He with a heating rate of 10°C per minute.

were semiconductors, whereas others samples like La0.1Ba0.9TiO3 maintained a metal conductivity.

In order to confirm these atypical conductivity curves, another piece (from the same pellet) of

La0.5Ba0.5TiO3 was cut to repeat the electrical properties measurement, the results were similar as

those reported.
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Figure 4.35: Temperature dependence of the electrical conductivity during the cooling step of
LaxBa1–xTiO3 melted in argon and sintered by SPS at 1450°C in high vacuum (diffusion pump)

for 10 minutes with a heating and cooling rate of 100°C per minute and applied pressure of
40MPa, measurement carried in static He with a cooling rate of 10°C per minute.

Figure 4.36 is the plot of the temperature dependence of the absolute Seebeck coefficient for the

series LaxBa1–xTiO3. The absolute values decreased with the La content, the highest measured value

was -250 ± 4.9 µV.K−1 for the sample La0.05Ba0.95TiO3 at 800°C. For each sample the absolute

value of the Seebeck coefficient increased with the temperature because fewer charge carriers were

free to move for the still metallic sample due to the decrease of the carrier concentration because of

the oxidation. The sample La0.1Ba0.9TiO3 by Muta et al had around -222 µV.K−1 at 873K [160],

while in our case the Seebeck coefficient of La0.1Ba0.9TiO3 was -191 ± 3.7 µV.K−1 at around 610

°C. In our case the synthesis lead to a higher carrier concentration. For a point of comparison, La

deficient La0.15Sr0.775TiO3 at 1013 was around -168 µV.K−1 [100], and La0.08Sr0.92TiO3 produced

by solution combustion and SPS was around -238 µV.K−1 at 1045K [119].
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Figure 4.36: Temperature dependence of the absolute Seebeck coefficient of LaxBa1–xTiO3 melted
in argon and sintered by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a

heating and cooling rate of 100°C per minute and applied pressure of 40MPa, measurement
carried in static He with a heating rate of 10°C per minute.

Figure 4.37 is the temperature dependence of the power factor, La0.2Ba0.8TiO3 achieved the highest

value with 0.62 ± 0.024 W.m−1.K−1 at 365°C. At the highest measured temperature it was

La0.3Ba0.7TiO3 that had the highest value with 0.48 ± 0.019 W.m−1.K−1 at 800°C. The sample

La0.1Ba0.9TiO3 by Muta et al had around 0.37 W.m−1.K−1 at 873K [160], while we measured 0.39

± 0.015 for La0.1Ba0.9TiO3 at 610°C. For a point of comparison, La deficient La0.15Sr0.775TiO3 at

1013 was around 1.14 W.m−1.K−1 [100], and La0.08Sr0.92TiO3 produced by solution combustion

and SPS was around 0.94 W.m−1.K−1 at 1045K [119].
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Figure 4.37: Temperature dependence of the power factor of LaxBa1–xTiO3 melted in argon and
sintered by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a heating and
cooling rate of 100°C per minute and applied pressure of 40MPa, measurement carried in static

He with a heating rate of 10°C per minute.

Figure 4.38 is the plot of the temperature dependence of the electrical conductivity measured in air

or H25%/Ar95% of selected samples made in the early experiments. The conductivities were similar

to those in Figure 4.33, showing that the results can be repeated. To achieve repeatable results,

the parameters of the synthesis need to be controlled. In earlier experiments, samples with much

lower electrical conductivity were made, the colors of these samples were not as dark as the highly

conductive more recent one. For some of them, differences could be seen with the XRD patterns.

The use of TiO instead of Ti metal granules, and the preparation of the LaTiO3 in the glovebox

improved this repeatability.

In addition to the La content, the electrical conductivity was influenced by the SPS sintering tem-

perature probably as a higher SPS sintering temperature creates more oxygen vacancies. The

conductivities of the samples La0.05Ba0.95TiO3 sintered at 1400°C, 1450°C, and 1500°C were meas-

ured respectively at 190 ± 6 S.cm−1, 310 ± 9 S.cm−1, and 480 ± 13 S.cm−1 at RT. The same effect

was present for La0.2Ba0.8TiO3 and the maximum electrical conductivity was achieved by sintering
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at 1550°C with 3500 ± 132 S.cm−1 at RT. While for samples sintered at 1300°C the conductivity

was below 300 S.cm−1 at RT.

For La0.2Ba0.8TiO3 the maximum electrical conductivity was achieved for the sample sintered at

1550°C. However, a higher amount of fractures (samples were broken more often and into more

pieces) after the sintering was noticed for La0.05Ba0.95TiO3, La0.2Ba0.8TiO3, and undoped BaTiO3.

Attempts to reduce the number of fractures and broken samples by modifying the SPS parameters

(the cooling rate, the heating rate, the applied pressure, and the time during the sintering when

the applied pressure was removed) were unsuccessful. Making samples with a larger die was also

explored but did not permit to have bigger pieces to be shaped when samples broke (more cracks

were present). Making bar samples longer than 5-6 mm was not possible for the samples sintered

at 1550°C and 1600°C. In practice, 5-6 mm was sufficient to measure the electrical conductivity,

however, to measure the Seebeck coefficient a bar of at least 9 mm was needed. The samples

sintered at 1300°C made in earlier experiments were all crack-free, but with conductivities under

100 S.cm−1. Making crack-free samples sintered at 1500°C was possible but needed more attempts

as the proportion of crack-free samples sintered at 1400°C and 1450°C was higher. Therefore it was

decided to SPS sinter all the series at 1450°C. For some of them, a second sample had to be done

to have a long enough sample bar.
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Figure 4.38: Temperature dependence of the electrical conductivity of LaxBa1–xTiO3 melted in
argon and sintered by SPS at different temperature in high vacuum (diffusion pump) for 10

minutes with a heating and cooling rate of 100°C per minute and applied pressure of 40MPa,
carried in static air for measurements under 250°C, carried in flowing H25%/Ar95% for

measurement over 250°C with a heating rate of 5°C per minute.

Thermal properties Figure 4.39 is the temperature dependence of the thermal diffusivity meas-

ured with a LFA. Except for the sample La0.3Ba0.7TiO3 at temperatures higher than 600°C, the

thermal diffusivity decreased with the temperature for all of the samples as phonon and electron

scattering increased with the temperature. More La increased the thermal diffusivity, as it also

increased the electrical conductivity (Figures 4.33 and 4.34 at page 96), and then the electronic

component of the thermal conductivity was also significantly increased. As mentioned above, from

600°C, La0.3Ba0.7TiO3 did not follow a normal behaviour with the thermal diffusivity decreasing

with a new slope. Figure 4.40 is the Arrhenius plot of the thermal diffusivity, the thermal diffus-

ivity increases linearly with 1000
T except with La0.3Ba0.7TiO3 that followed two slopes showing the

oxidation of the sample.

After the measurements from 50°C to 800°C were performed (heating stage), a few measurements
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were also made during the cooling stage of the samples/LFA chamber. The values during the

heating and cooling stage are in Figure 4.41. Comparing the values before and after the samples

reached 800°C gives information about the stability of the samples during the measurements. The

thermal diffusivity of the samples BaTiO3, La0.05Ba0.95TiO3, La0.1Ba0.9TiO3, and La0.2Ba0.8TiO3

were identical before and after having reached 800°C. The values for La0.3Ba0.7TiO3 were different

: 2.0 ± 0.1 mm2.s−1 / 1.4 ± 0.07 mm2.s−1 at 150°C and 1.3 ± 0.07 mm2.s−1 / 0.92 ± 0.05

mm2.s−1 at 400°C. This drop in the thermal diffusivity showed that the sample was not stable at

high temperatures in these experimental conditions.

Figure 4.39: Temperature dependence of the thermal diffusivity of LaxBa1–xTiO3 melted in argon
and sintered by SPS at different temperature in high vacuum (diffusion pump) for 10 minutes

with a heating and cooling rate of 100°C per minute and applied pressure of 40MPa.
Measurements carried in flowing H25%/Ar95%.
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Figure 4.40: Arrhenius plot of the temperature dependence of the thermal diffusivity of
LaxBa1–xTiO3 melted in argon and sintered by SPS at different temperature in high vacuum

(diffusion pump) for 10 minutes with a heating and cooling rate of 100°C per minute and applied
pressure of 40MPa. Measurements carried in flowing H25%/Ar95%. Linear fits for La0.3Ba0.7TiO3.

Figure 4.41: Thermal diffusivity before and after measurements up to 800°C of LaxBa1–xTiO3
melted in argon and sintered by SPS at different temperature in high vacuum (diffusion pump) for
10 minutes with a heating and cooling rate of 100°C per minute and applied pressure of 40MPa.

Measurements carried in flowing H25%/Ar95%.
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4.5 Summary

In summary, perovskite LaxBa1–xTiO3 with x from 0 to 1 was synthesised by a combination of arc

melting and SPS. XRD, TGA, and EPMA experiments showed that La was inserted in the Ba site

for the whole series of LaxBa1–xTiO3 (0 ≤ x ≤ 1) following the electronic compensation doping

mechanism. WDX results showed that the distributions of La and Ba in the grains are not homo-

geneous, though the atomic ratio of the total A-site cations (Ba2++La3+) to the B-site Ti cation is

homogeneous and close to the nominal ratio of 1:1. The influence of the doping level and the SPS

parameters on the final electrical and thermoelectric properties were studied. Exceptionally high

electrical conductivity was achieved by increasing the carrier concentration via both donor doping

and creation of oxygen vacancies due to the extremely high synthesis temperature, high cooling

rate and low oxygen partial pressure associated with the arc melting and SPS. An unprecedented

high electrical conductivity of 3,700 S.cm−1 at room temperature was observed in the composition

La0.3Ba0.7TiO3, which is the first and highest electrical conductivity obtained to date for La-doped

BaTiO3. The composition La0.2Ba0.8TiO3 produced a high power factor of 0.6 mW.m−1.K−2 at

365°C, which is lower than the typical high temperature (600-800°C) required to achieve high power

factor. This demonstrates that La-doped BaTiO3 fabricated by arc melting and SPS is a promising

thermoelectric material to cover applications in the intermediate temperature range.
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5 Synthesis, structural, and thermoelectric properties

of LaxCa1–xTiO3

5.1 Introduction

As shown in section 4, arc melting followed by SPS sintering is a suitable approach to favour elec-

tronic compensation when doping La in the A-site of the BaTiO3 perovskite. Because the alkaline

earth titanates have a similar electronic structures [187], the approach should also be efficient with

others alkaline earth titantes. While reports of the synthesis of perovskites LaxBa1–xTiO3 and

LaxSr1–xTiO3 for 0 ≤ x ≤ 1 exist [158, 159], it is not the case for the LaxCa1–xTiO3 system. The

composition with the highest concentration of La reported is La0.25Ca0.75TiO3 by Li et al [176].

In their work they obtained with the sample La0.2Ca0.8TiO3 3383 S.cm−1 at RT and ZT = 0.4 at

1011K, but observed a Ti rich secondary phase, there is then a lack of data of the intrinsic prop-

erties of La-doped LaxCa1–xTiO3, especially for more heavily doped compositions. In this section

the same methodology used in section 4 was applied for the study of the LaxCa1–xTiO3 system.

Strong reducing conditions were used to increase the electrical conductivity in order to improve the

power factor. The thermoelectric properties were studied with the samples with x ≤ 0.3 as they

were those with the superior properties, furthermore the compositions with more La were sensitive

to oxidation which makes them difficult to characterise at high temperature. This section is the

first study of the full series LaxCa1–xTiO3 for 0 ≤ x ≤ 1. The study of the crystal structure, the

microstructure and the study of the oxidation (by TGA) was designed to observed what charge

compensation mechanism was favoured. The electrical and thermal properties are described in the

rest of the section.

5.2 Structure, microstructure, and oxidation properties

X-Ray diffraction data Prior to the SPS sintering, a series of LaxCa1–xTiO3 samples were

melted and analyzed to clarify if arc melting was a suitable method to insert La into the Ca site.

Figure 5.1 is the plot of the powder XRD patterns of these samples. Also plotted in red stripes
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the XRD reflection rays of Pnma CaTiO3 of the PDF card 22-0153. Figure 5.2 is the plot of

the powder XRD patterns between 2θ values of 30° and 35°. No secondary phase was detected

and the intensity of the [101] peak was variable. With the increase of the La content, the peaks

splitting decreased, this is especially visible in Figure 5.2, suggesting a higher symmetry of the

crystal structure with La doping with only a shoulder remaining. Ca ion in CaTiO3 is too small to

have ideal cubic ABO3 structure [193]. La has an ionic radius slightly higher than Ca [190], then La

insertion in the Ca site would increase the symmetry of the crystal structure. The peaks shifted to

the lower angles, indicating an increase of the lattice constants with the La content, the shift was

highlighted in Figure 5.2. Figure 5.3 is the plot of the lattice constant; the values were calculated

from the powder XRD patterns. With the increase of the La content, the ratio a/c was closer to

one, as examples a/c for La0.05Ca0.95TiO3 was 1.012 ± (6.19 · 10−4) and was 1.001 ± (2.18 · 10−4)

for La0.4Ca0.6TiO3 suggesting an increase in the symmetry of the crystal structure. Figure 5.4 is

the plot of the lattice volume of the arc melted LaxCa1–xTiO3. The lattice volume increased, from

223.1 ± 0.03 Å3 for CaTiO3 to 238.6 ± 0.05 Å3 for La0.6Ca0.4TiO3, following the Vegard’s law.

Such increase in the lattice volume is consistent with an insertion of the La in the Ca site as the

ionic radius of La is higher than Ca [190]. Overall, the XRD results of these samples showed that

the La was inserted in the Ca site, and that arc melting was a suitable method to synthesize single

phase La-doped CaTiO3.
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Figure 5.1: Powder XRD patterns of melted LaxCa1–xTiO3.
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Figure 5.2: Expanded powder XRD patterns of melted LaxCa1–xTiO3.
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Figure 5.3: Plot of the lattice constants of LaxCa1–xTiO3 arc melted in argon. Error bars are
smaller than the symbol size.

Figure 5.4: Plot of the lattice volume of LaxCa1–xTiO3 arc melted in argon. Error bars are smaller
than the symbol size.
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Figure 5.5 is the plot of the powder XRD patterns of LaxCa1–xTiO3 after the SPS sintering. Except

for LaTiO3, no secondary phase were observed for all of the samples. Like as reported in the

literature for undoped CaTiO3 [194], all peaks were attributed to the orthorhombic space group

number 62 (Pnma or Pbnm). With the increase of the La content, the patterns shifted to the

lower angles, indicating an increase of the lattice volume. Figure 5.6 is the expanded powder XRD

patterns between 30° and 35°, highlighting the shift toward the lower angles. The intensity of

the peak [101], between 22.5° and 25°, decreased and then increased with the La concentration.

The peak was hardly visible for La0.2Ca0.8TiO3 and La0.3Ca0.7TiO3 although the others peaks that

characterized the space group number 62 were present. At first, the splitting of the peaks decreased

but increased again with La concentration, this was easily visible for peaks [132], [024], and [312]

between 57.5° and 60°, indicating a higher symmetry of the structure around La0.5Ca0.5TiO3.

With the increase of the La content, the ratio a/c was closer to one, for example 1.0109±(1.17·10−4)

for La0.05Ca0.95TiO3, 0.9997 ± (8.5 · 10−5) for La0.9Ca0.1TiO3, suggesting a higher symetry. The

calculated unit cell constants from the XRD patterns and the lattice volumes are respectively

plotted in Figure 5.7 and 5.8, the lattice constant increased with the increase of the La content

from 223.3 ± 0.07 Å3 for CaTiO3 to 248.9 ± 0.07 Å3 for LaTiO3, following the Vegard’s law. For

the doped samples the lattice volume decreased after the SPS sintering, such as 231.7 ± 0.24 Å3

after melting and, 230.5 ± 0.29 Å3 after the SPS for La0.3Ca0.7TiO3. The decrease may be because

of the oxygen loss leading to a distortion of the lattice or a difference in the homogeneity of the La

in the sample.

In the litterature there is no report of the substitution of La in the Ca site for the all series

LaxCa1–xTiO3 from x = 0 to x = 1. In their work Li et al made sample up to x = 0.25 but observed

a second phase at the grain boundary from La0.25Ca0.75TiO3. The XRD data indicated that our

synthesis method produce a total or near-total insertion of the La in the A-site of the CaTiO3

structure without formation of non-perovskite secondary phase.
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Figure 5.5: Powder XRD patterns of LaxCa1–xTiO3 melted in argon and sintered by SPS at
1450°C in high vacuum (diffusion pump) for 10 minutes with a heating and cooling rate of 100°C

per minute and applied pressure of 40MPa.
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Figure 5.6: Expanded powder XRD patterns of LaxCa1–xTiO3 melted in argon and sintered by
SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a heating and cooling rate of

100°C per minute and applied pressure of 40MPa.

113



5.2 Structure, microstructure, and oxidation
properties

5 SYNTHESIS, STRUCTURAL, AND
THERMOELECTRIC PROPERTIES OF

LaxCa1–xTiO3

Figure 5.7: Plot of the lattice edge length of the system LaxCa1–xTiO3 melted in argon and
sintered by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a heating and

cooling rate of 100°C per minute and applied pressure of 40MPa, calculated from the XRD
patterns. Error bars are smaller than the symbol size.

Figure 5.8: Plot of the lattice volume of the system LaxCa1–xTiO3 after arc melting with argon
and after sintering by by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a
heating and cooling rate of 100°C per minute and an apllied pressure of 40MPa, calculated from

the XRD patterns. Error bars are smaller than the symbol size.
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TGA Prior to the SPS sintering, a series of LaxCa1–xTiO3 were melted and analysed to help

elucidate if the arc melting method was suitable to insert the La into the Ca site. Figure 5.9 is the

plot of the TGA in air of LaxCa1–xTiO3 after the melting synthesis. The final mass of the samples

were higher than the starting mass. The mass difference between the final mass and the starting

mass was proportional to the amount of La at the A-site. This indicates that La doped CaTiO3 has

a doping mechanism similar to the La doped BaTiO3 (in eq 7 in page 27) and described as follows:

La2O3 + 2 TiO2 2 LaCa + 6 O×
O + 1

2 O2 + 2 Ti×Ti + 2 e′ (12)

Figure 5.10 is the plot of the difference in mass before and after the oxidation, also plot the mass

increased normalised by the ratio MO

MLaxCa1−xTiO3
to take into account the change of the molar mass

with the doping level. The influence of the La on the final mass increase was linear, indicating that

the doping mechanism remained the same for all of the analysed samples. The starting temperatures

of oxidation was also correlated to the La doping as composition with more La started to oxidise

at a lower temperature. For example, the starting temperature of oxidation for La0.4Ca0.6TiO3 was

approximately 350°C while for La0.2Ca0.8TiO3 it was between 500°C and 600°C. For all the samples

the mass did not reach a plateau, indicating the samples were not fully oxidised.
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Figure 5.9: TGA plot of LaxCa1–xTiO3 in air from room temperature to 800°C, with a heating
and cooling rate of 10°C per minute, heating step plotted in solid line, cooling step plotted in

dash line. Powder from crushed pellets produced by arc melting in argon.

Figure 5.10: Influence of the doping level on the difference of mass after the TGA for the series
LaxCa1–xTiO3, plot in Figure 5.9. Powder from crushed pellets produced by arc melting in argon.
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Figures 5.11 is the plot of the TGA in air of the samples after the SPS sintering. For all of the

samples, the mass reached a plateau before 900°C, indicating that the samples were fully oxidised

during the TGA run. Undoped CaTiO3 started to oxidise at the lowest temperature around 175°C,

the mass increase stopped and the powder fully oxidized around 300°C. For the doped compositions,

the temperature of oxidation was correlated to the La content, as examples La0.2Ca0.8TiO3 started to

oxidise around 450°C while for La0.7Ca0.3TiO3 the temperature was around 250°C. The temperature

of the end of the oxidation also decreased with the doping level, as for example the temperature

was around 775°C for La0.2Ca0.8TiO3 and around 675°C for La0.7Ca0.3TiO3. Contrary to the other

doped samples, La0.05Ca0.95TiO3 showed a hybride behavior, it did not plateau before a high slop

increase, but started with a slight increase of the mass until around 600°C. This increase was in the

limit of the resolution of the TGA, however that behavior was visible for the three samples SPS

sintered at different temperature (Figure 5.13a). This is indicative that La0.05Ca0.95TiO3 was less

resistant to the oxidation than the samples with a higher doping content. The sensitivity toward

oxidation of the compositions with a high La content makes the characterisation of the electrical

and thermal properties at high temperature challenging. The increase in mass after the TGA run

was also correlated to the La content.

Figure 5.12 is the plot of the weight increase at the end of the TGA run against the doping level,

also plotted the mass increased normalised by the ratio MO

MLaxCa1−xTiO3
to take into account the

change of the molar mass with the doping level. The increase of mass was linearly proportional to

the doping level, indicating that the doping mechanism described in eq 12 (page 115) remained the

same for all of the compositions. For the doping mechanism to remain the same, the La ion has to

be inserted in the Ca site without forming other phases, thus the TGA data was in agreement with

the XRD results.

Figure 5.13 is the plot of the TGA of the four compositions that were sintered at different SPS tem-

peratures. For all of the samples, the temperature of oxidation were dependent of the SPS sintering

temperature. For all of the samples, the mass increase was correlated to the sintering temperature.

The difference was the highest for the composition La0.1Ca0.9TiO3. Because the divergence of mass

increase between the samples were close to the resolution of the TGA, quantitative analysis was
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Figure 5.11: TGA of LaxCa1–xTiO3 powders carried in air from room temperature to 1000°C,
with a heating and cooling rate of 5°C per minute, gas flow of 100 mL.min−1, heating step
plotted in solid line, cooling step plotted in dash line. Powders from the crushed pellet SPS

sintered at 1450°C in high vacuum (diffusion pump) for 10 minutes.

not possible. However, the TGA data indicates that a higher SPS sintering temperature leads to

a higher reduction of the Ti oxidation stats by the creation of O vacancies as described in eq 3

(page 20) and eq 4 (page 21), in addition to the donor doping mechanism. It is then expected

that a higher SPS sintering temperature should results in higher charge carrier concentration and

electrical conductivity.
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Figure 5.12: Influence of the doping level on the difference of mass after the TGA for the series
LaxCa1–xTiO3, plot in Figure 5.11. Powders from the crushed pellet SPS sintered at 1450°C in

high vacuum (diffusion pump) for 10 minutes.
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(a) La0.05Ca0.95TiO3 (b) La0.1Ca0.9TiO3

(c) La0.2Ca0.8TiO3 (d) La0.3Ca0.7TiO3

Figure 5.13: TGA of LaxCa1–xTiO3 powders carried in air from room temperature to 1000°C,
with a heating and cooling rate of 5°C per minute, gas flow of 100 mL.min−1, heating step
plotted in solid line, cooling step plotted in dash line. Powders from the crushed pellet SPS

sintered at different temperature in high vacuum (diffusion pump) for 10 minutes.

Figure 5.14 is the powder XRD patterns of two compositions after beeing heated up in air in a muffle

furnace with the same temperature profile compared with the TGA experiments. The low intensity

peaks were not visible anymore and the high intensity peaks were wider. No distinctive phases were

identified. Formation of numerous secondary phases was probable with possible amorphous phases.

It was clear that these compositions were not stable after oxidation.
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Figure 5.14: Powder XRD patterns of La0.4Ca0.6TiO3 and La0.6Ca0.4TiO3 SPS sintered at 1450°C.
Powders oxidised in a muffle furnace at 1000°C, heating and cooling rate of 5°C per minute. XRD

scan of 30 minutes.

Density Figure 5.15 is the plot of the relative density of the LaxCa1–xTiO3 samples after SPS

sintering. The measurements were taken with a microbalance and a caliper. The theoretical lattice

volumes were calculated from the powder XRD patterns, and the theoretical lattice mass was

calculated with three anions for two cations. The proportion of La was the main determinant of

the sinterability of the material. It should be noted that by neglecting the O vacancies, the relative

densities were underestimated by an unknown value, potentially similar to the mass increase after

oxidation in air, (Figure 5.12 in page 119). Because the final mass increase was proportional to

the La content, the underestimation of the relative mass was also proportional to the La content.

However, this underestimation is much smaller than the decrease of the relative density with the La

doping. Additionally, it was observed that the melted (before SPS sintering) materials as well as

SPS sintered materials were easier to crush when the La content was higher, indicative of a higher

porosity. In addition it can be visually observed on SEM images (Figure 5.16a to 5.16l from page

125) that the number of pores increased with the La content. When at above 1400°C, the SPS

sintering temperature did not have an significant influence on the density of the samples, the same
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Figure 5.15: Relative density of the samples LaxCa1–xTiO3 produced by arc melting in argon and
sintered by SPS at different temperature in high vacuum (diffusion pump) for 10 minutes with a

heating and cooling rate of 100°C per minute and an applied pressure of 40MPa

was observed for the La-doped BaTiO3 (Figure 4.17 in page 73).

The samples from La0.6Ca0.4TiO3 to LaTiO3 were less than 90% dense, and so their electrical

characterisations did not fully represent their bulk properties. In an attempt to increase the relative

density of the final samples, a batch of La0.2Ca0.8TiO3 and La0.5Ca0.5TiO3 powder were ball milled

(yttria-stabilized zirconia bowl and balls) before the SPS sintering. However, the results showed

there was no increase in the measured densities when compared to the samples that were hand

milled.

SEM Figures 5.16 are a selection of backscattered and secondary electron images of SPS sintered

pellets of the series LaxCa1–xTiO3. Figures 5.17 and Tables 5.1 are the maps of the points where

EDX analysis were carried out and the normalised results of the EDX analysis, respectively. A

qualitative trend can be drawn from the SEM observation and it is consistent with the measured

bulk density (Figure 5.15) in which the number of pores and their sizes increased with the La

content. No difference in contrast was observed on the backscattered image (Figure 5.16a) nor
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during the rest of the SEM observation of the undoped CaTiO3, indicating a single-phase material.

The EDX data is presented in Table 5.1a. The values of all the points were consistent, in agreement

with the backscattered images observations. The largest difference was only 0.4 % (between target

one and four). For all the points observed, the concentration of Ca was lower than the concentration

of Ti. The average ratio of Ca/Ti was 0.9 instead of 1 in theory. The Ca losses during the melting

steps, which would be due to the Ca sublimation, cannot be excluded. However, the amount

lost would have been visible on the Cu plate of the arc melter. Since the perovskite structure

was clearly identified with the XRD patterns, the hypothesis of the Ca sublimation would mean

that the A-site deficient CaTiO3 was formed. The second hypothesis and the most likely is that

the EDX overestimated the Ti amount, wrong quantifications occur with standardless EDX [195],

errors can be increase for other reasons such as a drift in the beam current [195]. This hypothesis is

also supported by the more accurate WDX results (Figure 5.19a in page 131) where stoichiometry

between Ca and Ti was observed.

With the doped samples, namely, La0.2Ca0.8TiO3, La0.4Ca0.6TiO3, La0.6Ca0.4TiO3, and La0.8Ca0.2TiO3

(Figures 5.16c to 5.16j) zones with different contrasts were observed in backscattered mode. No

clear distinct phases were observed, but rather a mixture with a gradient of contrast. As an ex-

ample, in Figure 5.16j (La0.8Ca0.2TiO3) a darker zone was present at the left of the image, however,

it was not clear where was the "boundary" between the dark zone and the rest of the surface.

Additionally, the contrast of this dark zone is not totally homogeneous as slightly lighter zones

were visible within it. The distinction of contrast on the backscattered images were not visible on

the secondary mode for example, Figure 5.16c versus Figure 5.16d. La and Ca have very different

atomic numbers, so the variations in the La/Ca ratio (without change of Ti and O) should result in

high contrast. The contrast between the areas then indicated a difference in chemical composition

but not necessarily a dramatic one. The analysis of the backscattered images indicate that the

chemical compositions were less homogeneous for the La0.4Ca0.6TiO3 and La0.6Ca0.4TiO3 samples.

EDX analysis confirmed that the brighter zones corresponded to a higher La content and the darker

areas to high Ca content. For all the points of the doped samples, the Ti concentration was very

stable, with variation lower than 1%. For all the points, the ratio (La+Ca)/Ti was close to one
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and was very stable. This indicated that no non-perovskite or layered perovskites phases were in

place. The ratio La/Ca was more variable. La/Ca were more stable for the samples La0.2Ca0.8TiO3

(La between 10% and 13%) and La0.8Ca0.2TiO3 (La between 38% and 42%). In agreement with

the observations on the backscattered images, the ranges of concentration of La in La0.4Ca0.6TiO3

La0.6Ca0.4TiO3 were wider, respectively, from 16% to 32% and from 25% to 39%. The data of the

EPMA/WDX analysis was then performed to provide more accurate quantifications (Figures 5.19

and 5.20). For LaTiO3, small bright regions were present with a main phase in Figures 5.16k and

5.16l. No darker regions were observed. The EDX (Figures 5.17 and Table 5.17f) indicate that the

main phase was LaTiO3. The bright regions were a La-rich phase such as target 2 on the figure

with only a small amount of Ca (5%).

Figure 5.18 is an EDX spectrum of the sample La0.4Ca0.6TiO3 which shows Ca and La overlapping

at approximately 4.05 keV in addition to Ti and La overlapping at approximately 4.3 keV and 5

eV. Between 0 and 1 keV, the three elements possess distinguishable X-ray energies, but they can

be disturbed by C or O and cannot alone provide very accurate quantification of the elements. Ca

and La have distinguishable peaks at more than 3 keV energy, even if those of La are not very

intense. Ti does not have well distinguished peaks at energies higher than 3 keV. Overall, the EDX

results, while reproducible, should be calibrated and referenced to the more accurate methods such

as WDX for the quantification.
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(a) CaTiO3, backscattered electron mode. (b) CaTiO3, secondary electron mode.

(c) La0.2Ca0.8TiO3, secondary electron mode. (d) La0.2Ca0.8TiO3, backscattered electron mode.

(e) La0.4Ca0.6TiO3, backscattered electron mode. (f) La0.4Ca0.6TiO3, backscattered electron mode.
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(g) La0.6Ca0.4TiO3, backscattered electron mode. (h) La0.6Ca0.4TiO3, backscattered electron mode.

(i) La0.8Ca0.2TiO3, backscattered electron mode. (j) La0.8Ca0.2TiO3, backscattered electron mode.

(k) LaTiO3, backscattered electron mode. (l) LaTiO3, backscattered electron mode.

Figure 5.16: SEM images of LaxCa1–xTiO3 melted in argon and sintered by SPS at 1450°C in high
vacuum (diffusion pump), with a heating and cooling rate of 100°C per minute and an applied

pressure of 40MPa.
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(a) CaTiO3, backscattered electron mode with
EDX target positions, results in Table 5.1a.

(b) La0.2Ca0.8TiO3, backscattered electron mode
with EDX target positions, results in table 5.1b.

(c) La0.4Ca0.6TiO3, backscattered electron mode
with EDX target positions, results in Table 5.1c.

(d) La0.6Ca0.4TiO3, backscattered electron mode
EDX with target positions, results in Table 5.1d.

The result of point 8 is not in the table because it
was unreliable (sulfur detected).

(e) La0.8Ca0.2TiO3, backscattered electron mode
with EDX target positions, results in Table 5.1e.

(f) LaTiO3, backscattered electron mode with
EDX target positions, results inf Table 5.1f.

Figure 5.17: SEM images with EDX targets of LaxCa1–xTiO3 melted in argon and sintered by
SPS at 1450°C in high vacuum (diffusion pump), with a heating and cooling rate of 100°C per

minute and an applied pressure of 40MPa. EDX results in Tables 5.1
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Table 5.1: EDX targets results of Figures 5.17.

(a) EDX results of CaTiO3 in atomic percent,
targets position in Figure 5.17a.

Target Ca Ti
1 47.6 52.4
2 47.2 52.8
3 47.2 52.8
4 47.3 52.7
5 47.5 52.5
6 47.4 52.6

Theorectical 50 50

(b) EDX results of La0.2Ca0.8TiO3 in atomic
percent, targets position in Figure 5.17b.

Target Ca Ti La La + Ca
1 36.7 51.3 12.0 48.7
2 36.3 51.3 12.4 48.7
3 35.9 51.4 12.7 48.6
4 35.8 51.4 12.8 48.6
5 37.2 51.5 11.3 48.5
6 37.1 51.5 11.3 48.4
7 37.7 51.6 10.8 48.5
8 38.9 51.4 9.8 48.7
9 38.7 51.4 9.9 48.6
10 38.2 51.3 10.6 48.6

Theorectical 40 50 10 50

(c) EDX results of La0.4Ca0.6TiO3 in atomic
percent, targets position in Figure 5.17c.

Target Ca Ti La La + Ca
1 33.2 51.0 15.9 49.1
2 33.0 51.0 16.0 49.0
3 18.5 51.5 30.0 48.5
4 16.9 50.7 32.3 49.2
5 26.7 50.9 22.4 49.1
6 27.4 51.1 21.6 49.0
7 27.6 51.0 21.5 49.1
8 28.0 51.1 21.0 49.0
9 29.8 51.1 19.1 48.9

Theorectical 30 50 20 50

(d) EDX results of La0.6Ca0.4TiO3 in atomic
percent, targets position in Figure 5.17d.

Target Ca Ti La La + Ca
1 13.6 50.0 36.4 50.0
2 13.6 50.0 36.4 50.0
3 19.1 50.0 30.9 50.0
4 19.3 50.1 30.5 49.8
5 23.3 50.2 26.4 49.7
6 24.2 50.4 25.4 49.6
7 18.4 50.4 31.2 49.6
9 19.3 49.6 31.0 50.3

Theorectical 20 50 30 50

(e) EDX results of La0.8Ca0.2TiO3 in atomic
percent, targets position in Figure 5.17e.

Target Ca Ti La La + Ca
1 11.4 50.2 38.4 49.8
2 11.3 50.2 38.4 49.7
3 11.5 50.0 38.6 50.1
4 9.3 49.5 41.3 50.6
5 9.7 49.6 40.7 50.4
6 7.9 50.0 42.2 50.1
7 8.2 50.3 41.5 49.7

Theorectical 10 50 40 50

(f) EDX results of LaTiO3 in atomic percent,
targets position in Figure 5.17f.

Target Ti La
1 11.7 88.3
2 5.0 95.0
3 48.1 51.9
4 49.6 50.4
5 49.6 50.4
6 49.8 50.2

Theorectical 50 50
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Figure 5.18: EDX spectra of the target number 8 of the sample La0.4Ca0.6TiO3 melted in argon
and sintered by SPS at 1450°C in high vacuum (diffusion pump)), with a heating and cooling rate

of 100°C per minute and an applied pressure of 40MPa.

EPMA data Figures 5.19 are the plots of the cation chemical compositions of the samples

LaxCa1–xTiO3 after the SPS sintering analysed by WDX with an EPMA. Figure 5.20 is the plot of

these data in a ternary diagram. The targets for analysis were chosen randomly with the care of

avoiding pores as the optical microscope was not powerful enough to do fine analyses of the surfaces.

At both ends of the series, undoped CaTiO3 and LaTiO3, the detected chemical compositions were

close to the theoretical ones. Samples La0.8Ca0.2TiO3 and La0.2Ca0.6TiO3 showed homogeneous

cations concentration with only small variations. For sample La0.6Ca0.4TiO3 variations were small

apart from target 28 which had a La concentration among the cations of 25.6%, when the theoret-

ical concentration is 30%. Sample La0.4Ca0.6TiO3 showed the lowest chemical homogeneity, at the

farthest of the theoretical composition was target 7 with 14% of La among the cations instead of
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20% for the theoretical compositions. However, the chemical compositions of these samples were

considered relatively homogeneous as they were close to the theoretical composition. For all of the

analysed points, a lower concentration of La was balanced by a higher concentration of Ca, then

the sum of La + Ca was always close to the theoretical 50%. For all of the analysed points of all of

the samples, the Ca concentration among the cations was very close to the theoretical 50%. These

results are in agreement with the SEM observations: no other phase than the perovskite structure

was detected, the sample had a relatively homogeneous chemical composition that was centred in

the theoretical one. It is then concluded that the La was well inserted in the Ca site for all the

LaxCa1–xTiO3 series, while Li et al observed insertion of La in the Ca site, but formation of a Ti

rich secondary phase for x higher than 0.2 [176]. Then arc melting followed by an SPS sintering is

a suitable method to synthesise donors doped CaTiO3.
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(a) CaTiO3 (b) La0.2Ca0.8TiO3

(c) La0.4Ca0.6TiO3 (d) La0.6Ca0.4TiO3

(e) La0.8Ca0.2TiO3
(f) LaTiO3

Figure 5.19: Normalised concentration of La, Ca and Ti detected by the WDX of LaxCa1–xTiO3
melted in argon and sintered by SPS at 1450°C in high vacuum (diffusion pump), with a heating

and cooling rate of 100°C per minute and an applied pressure of 40MPa.
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Figure 5.20: Ternary diagramme of the normalised concentration of La, Ca and Ti detected by the
WDX of LaxCa1–xTiO3 melted in argon and sintered by SPS at 1450°C in high vacuum (diffusion
pump), with a heating and cooling rate of 100°C per minute and an applied pressure of 40MPa.
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5.3 Evaluation of the thermoelectric performances

Electrical properties Figures 5.21, 5.22, and 5.23 show respectively the temperature dependence

of the electrical conductivity, the temperature dependence of the absolute Seebeck coefficient, and

the temperature dependence of the power factor of the samples LaxCa1–xTiO3 for x=0.05, x=0.1,

x=0.2, and x=0.3 at different sintering temperatures. The measurements were performed in static

He to measure the Seebeck coefficient. For each of these four compositions the SPS sintering

temperature played a key role in the electrical conductivity. For example, at ≈ 220°C the samples

La0.05Ca0.95TiO3 sintered at 1400°C, 1450°C, or 1500°C, respectively had an electrical conductivity

of 68 ± 1.9 S.cm−1, 119 ± 3.3 S.cm−1, and 251 ± 6.9 S.cm−1. At 30°C samples La0.3Ca0.7TiO3

sintered at 1400°C, 1450°C, and 1500°C respectively had an electrical conductivity of 1850 ± 51

S.cm−1, 2280 ± 63 S.cm−1, and 2880 ± 79 S.cm−1. As the processing did not significantly affect

the density (Figure 5.15 at page 122), it indicates that O vacancies are created during the SPS

sintering and create charge carriers as describes in equation 3 and 4 (page 20). This effect was

also observed for La doped SrTiO3 [196]. The values obtained were lower than those reported by

Li et al, for example they reported 3383 S.cm−1 at RT for La0.2Ca0.8TiO3 [176]. Their samples

were more conductive because of the higher relative density (96.7%) and the sintering was done

(by hot pressing) at a higher temperature (1500°C) and for longer time (two hours). Likewise, La

deficient La0.15Sr0.775TiO3 at 473K was around 2335 S.cm−1 [100], and La0.08Sr0.92TiO3 produced

by solution combustion and SPS was around 3025 S.cm−1 at RT [119].

The La content also greatly influences the electrical conductivity by acting as a donor dopant

thus increasing the charge carrier concentration, then increasing the electrical conductivity. In

this temperature range, all of the samples showed a metal conductor behaviour as the electrical

conductivity decreased with the increase of the temperature. Interestingly below 125°C sample

La0.2Ca0.8TiO3 sintered at 1450°C had a lower electrical conductivity than La0.1Ca0.9TiO3 sintered

at 1450°C and 1500°C but its conductivity decreased to a lower rate and then stayed higher than

these two. The undoped CaTiO3 had a different behaviour because of its higher sensitivity toward

oxidation, as shown in Figure 5.11 (page 118), indicating that the electrical conductivity decreased
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Figure 5.21: Temperature dependence of the electrical conductivity of LaxCa1–xTiO3 after
different SPS sintering in high vacuum (diffusion pump), measurement carried in static He with a

heating rate of 10°C per minute.

not only because of the increase of temperature.

The values of the absolute Seebeck coefficient, shown in Figure 5.22, increased with the temperature

as expected for each sample. The results also show that the Seebeeck coefficient decreased with

the increase of the La concentration and by the increase of the SPS sintering temperature. This

is because the increase of the charge carrier is detrimental for the Seebeck coefficient. The highest

value measured is -287 ± 5.6 µV.K−1 at 800°C for La0.05Ca0.95TiO3 sintered at 1400°C which was

also the sample with the lowest conductivity. The sample La0.2Ca0.8TiO3 by Li et al had around

-199 µV.K−1 at 1011K [176]. For a point of comparison, La deficient La0.15Sr0.775TiO3 at 1013

was around -168 µV.K−1 [100] and La0.08Sr0.92TiO3 produced by solution combustion and SPS was

around -238 µV.K−1 at 1045K [119].

The undoped CaTiO3 behaved differently, in terms of its electrical conductivity. At 700°C the

measured Seebeck values switched from negative to positive. It is known that CaTiO3 is either n-

type or p-type conductor depending on the oxygen partial pressure [197]. Therefore it is likely that
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this change was because of the oxidation during the measurement. The data is not plotted directly

as the switch happened during the measurements at 700°C (first measurement : -154 µV.K−1,

second measurement -85 µV.K−1, third measurement +87 µV.K−1). All of the data of the sample

is plotted in Figure 10.12 in appendice (page 189).

Figure 5.22: Temperature dependence of the Seebeck coefficient of LaxCa1–xTiO3 after different
SPS sintering temperature, sintering made in high vacuum (diffusion pump), measurement carried

in static He with a heating rate of 10°C per minute and a set gradient of 50°C.

One group of samples, such as the three La0.05Ca0.95TiO3, showed PF continuously decreasing with

the temperature. A different group of samples, such as La0.3Ca0.7TiO3 sintered at 1450°C had a

quadratic like PF curves, that reached a maximum around 465°C. For high temperature thermoelec-

tric, the figure of merit increases with the temperature, then the PF at the highest temperature is an

important characteristic. Considering the power factor at 800°C for the samples sintered at 1500°C

the PF increased with the La content until it reached the maximum for La0.2Ca0.8TiO3 with 0.66

± 0.03 mW.m−1.K−2. Overhall within the temperatures measured, the highest power factor was

achieved by La0.2Ca0.8TiO3 sintered at 1500°C with a value of 0.97 ± 0.05 mW.m−1.K−2 around
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270°C. In comparison the sample La0.2Ca0.8TiO3 by Li et al reported around 1.04 W.m−1.K−1 at

1013K and around 0.98 W.m−1.K−1 at 540K [176], while La deficient La0.15Sr0.775TiO3 at 1013K

was reported around 1.14 W.m−1.K−1 [100], and La0.08Sr0.92TiO3 produced by solution combustion

and SPS it was 0.94 W.m−1.K−1 at 1045K [119]. The power factor we obtained is comparable to

the values of other oxides thermoelectrics but lower than the best oxides thermoelectrics reported.

Figure 5.23: Temperature dependence of the power factor of LaxCa1–xTiO3 after a SPS sintering
at 1450°C in high vacuum (diffusion pump) for 10 minutes with a heating and cooling rate of

100°C/min and an applied pressure of 40 MPa of the powder synthesized by arc melting in argon,
measurement carried in static He with a heating rate of 10°C per minute and a set gradient of

50°C.

Figure 5.24 presents the temperature dependence of the electrical conductivity of the series of

LaxCa1–xTiO3 after a SPS sintering at 1450°C. The measurements were performed in flowing 5%

H2/95%Ar to limit the oxidation of the samples during the measurement. Until x=0.5 the increase

of the La content increased the electrical conductivity at room temperature. More La induced

a decrease in the conductivity but not in a consistent way. More specificly at RT the electrical

conductivities were in the following order : La0.8Ca0.2TiO3 ≈ La0.7Ca0.3TiO3 < La0.6Ca0.4TiO3 <
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La0.9Ca0.1TiO3, which is consistent with the measured relative density (Figure 5.15 in page 122).

The TGA data indicated that the carrier concentration to be proportional to the La content for all

of the compositions, however, this was acompanied by a decrease of the sinterability with the La

content. At higher temperature their electrical condutivity was also determined by their resistance

to oxidation. Because samples with a lower La content were more resistant to oxidation, they keept

a relatively high electrical conductivity at high temperature, while samples with a high La content

became poorly conductive. Sample La0.5Ca0.5TiO3 illustrated this trend the most, while it was the

most conductive at RT with 3200 ± 90 S.cm−1, its measured conductivity at 800°C was lower than

La0.05Ca0.95TiO3.

The influence of the sintering temperature from 1450°C was limited. For example a sample of

La0.5Ca0.5TiO3 was SPS sintered at 1500°C and the same electrical conductivity at room temper-

ature was measured compared to the sample sintered at 1450°C. In addition La0.2Ca0.8TiO3 and

La0.5Ca0.5TiO3 sintered at 1550°C resulted in a brittle and partially melted sample, with a poor

electrical conductivity. This led to the decision to sinter all of the other compositions at 1450°C

only. As mentioned in the previous subsection, samples of La0.2Ca0.8TiO3 and La0.5Ca0.5TiO3 were

made with a ball milling steps in an attempt to increase further the density of the samples. However

their electrical conductivity at RT were much lower than the hand milled samples, respectively 700

± 21 S.cm−1 and 50 ± 2 S.cm−1. Ball milling involved more steps in the powder preparation, then

it significantly increased the risk of impurity introduction. Ball milling steps are associated with

contaminations [198], as an example, Bumrungpon et al observed YSZ contamination by SEM in

Bi0.3Sb0.7Te3 ball milled at 150 rpm [199]. In our case the addition of YSZ grains in the bulk or

the inclusion of YSZ at the grain boundaries could decrease the electrical conductivity. Y could be

inserted in the B-site of the perovskite structure [200], in that case Y would act as an acceptor and

would decrease the charge carrier concentration. At the moment it is unknown what exactly was

the reason of that low electrical conductivity.
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Figure 5.24: Temperature dependence of the electrical condutivity of LaxCa1–xTiO3 after a SPS
sintering at 1450°C in high vacuum (diffusion pump) for 10 minutes with a heating and cooling

rate of 100°C/min and an applied pressure of 40 MPa of the powder synthesized by arc melting in
argon, measurement carried in 5% H2/95%Ar with a heating rate of 5°C per minute.

Thermal properties Figures 5.25 is the plot of the temperature dependence of the thermal

diffusivity of LaxCa1–xTiO3 SPS sintered at different temperatures. As expected the thermal dif-

fusivity decreased with the temperature for all of the samples. Figure 5.26 is the thermal diffusivity

in a Arrhenius plot, the thermal diffusivity decreased linearly with 1000
T . The overall thermal dif-

fusivity increased with the La content and the sintering temperature as the electrical conductivity

was increased by both (Figure 5.21), then the electronic component of the thermal conductivity

was significantly increased. This is the opposite of what was observed by Li et al for LaxCa1–xTiO3,

in their case the thermal diffusivity decreased with the doping level, according to them, because

of the increase of the Ti-rich secondary phase. They measured a thermal diffusivity around 0.84

mm2.s−1 for La0.2Ca0.8TiO3 at 750°C [176]. A lower thermal diffusivity was measured in our case

for La0.2Ca0.8TiO3 with 0.79 ± 0.039 mm2.s−1.

Similar to the electrical conductivity the influence of the SPS sintering temperature was the highest
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for La0.3Ca0.7TiO3. With the increase of the temperature, the differences of thermal diffusivity

between the samples were smaller, at 800°C they were contained between 0.89 ± 0.05 mm2.s−1 and

0.76 ± 0.04 mm2.s−1 instead of 2.1 ± 0.1 mm2.s−1 and 1.29 ± 0.07 mm2.s−1 at 50°C.

Figure 5.25: Temperature dependence of the thermal diffusivity of LaxCa1–xTiO3 after a SPS
sintering different temperature in high vacuum (diffusion pump) for 10 minutes with a heating
and cooling rate of 100°C/min and an applied pressure of 40 MPa of the powder synthesized by

arc melting in argon, measurement carried in N2 flow.

139



5.4 Summary 5 SYNTHESIS, STRUCTURAL, AND
THERMOELECTRIC PROPERTIES OF

LaxCa1–xTiO3

Figure 5.26: Arrhenius plot of the temperature dependence of the thermal diffusivity of
LaxCa1–xTiO3 after a SPS sintering different temperature in high vacuum (diffusion pump) for 10
minutes with a heating and cooling rate of 100°C/min and an applied pressure of 40 MPa of the

powder synthesized by arc melting in argon, measurement carried in N2 flow.

5.4 Summary

In conclusion, for the first time, the complete solid solution of the perovskite LaxCa1–xTiO3 (0 ≤ x ≤

1) was successfully fabricated by a combination of arc melting and SPS and the functional properties

were studied. XRD, TGA, and EPMA experiments showed that La was inserted in the Ca site for the

whole series of LaxCa1–xTiO3 (0 ≤ x ≤ 1) following the electronic compensation doping mechanism.

WDX data showed that the atomic ratio of the total A-site cations (Ca2++La3+) to the B-site Ti

cation is homogeneous and close to the nominal ratio of 1:1. The distribution of La and Ca in the

grains are more homogeneous than that of La and Ba in LaxBa1–xTiO3. The influence of the doping

level and the SPS parameters on the electrical and thermoelectric properties were studied. Similar

to that observed in LaxBa1–xTiO3, arc melting and SPS enhanced the reactions of donor doping

and oxygen loss, creating electrons and high electrical conductivity. A high electrical conductivity

of 3,200 S.cm−1 at room temperature was observed in the composition La0.5Ca0.5TiO3. The high

power factor of 0.97 mW.m−1.K−2, obtained at 270°C in the sample La0.2Ca0.8TiO3 sintered at

1500°C, is comparable to the highest values among existing n-type thermoelectric materials but at
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a much higher temperature (∼740°C). This work shows significant potential of using arc melting

and SPS to fabricate highly conductive LaxCa1–xTiO3 to fill the gap of thermoelectric materials in

the intermediate temperature range.
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6 Synthesis, structural, and thermoelectric properties

of LaxCa1–(3/2x)TiO3

6.1 Introduction

In their work, Lu et al made A-site deficient La-doped SrTiO3 with actual A-site vacancies [100].

Some of the LaxSr1–(3x/2)TiO3 they made had high thermoelectric performances, with a figure of

merit higher than 0.3 at 973K for x from 0.1 to 0.175, and were relatively resistant against oxidation

in air at high temperatures. Other studies also showed that making A-site deficient SrTiO3 could

increase the performance of the doped SrTiO3 [98,99,136]. Therefore it was decided that La-doped

CaTiO3 with A-site deficient would be produced by arc melting and SPS sintering to try to improve

its thermoelectric properties. This section shows the main results obtained so far. There was no

data collected on the thermal properties as no suitable measurements could have been made with

the equipment available.

6.2 Investigation of the doping mechanism by structural and microstruc-

tural analysis.

XRD Figures 6.1 and 6.2 are, respectively, the powder XRD patterns and the expanded powder

XRD patterns centred between 45° and 50° of the system LaxCa1–(3/2x)TiO3 produced by arc melting

and SPS sintering. A shift to the lower angle is easily observed indicating an insertion of the La in

the A-site, for x=0.1 and x=0.2 in which only the perovskite phase was observed, the symmetry of

the crystal structure decreased with La content as the peak splitting is more visible, another peak

at the right of [040] is visible, probably [230] or [212]. However, for x=0.3 a peak at approximately

25.24° was also present and this peak can be attributed to a TiO2 secondary phase that indicates

that the creation of cation vacancies may not have been achived.

For x=0.1 and x=0.2, with the hypothesis that all the excesses of Ti compare to the sum of (Ca

+ La) was forming a secondary phase, then the chemical composition of the main phase would

be respectively La0.10588Ca0.8941TiO3 and La0.2118Ca0.7882TiO3 and TiO2 for the secondary phase.
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Figure 6.1: XRD patterns of LaxCa1–(3/2x)TiO3 melted in argon and sintered by SPS at 1450°C in
high vacuum (diffusion pump), with a heating and cooling rate of 100°C per minute and an

applied pressure of 40MPa.

These two compositions were similar to the one for one doping LaxCa(1–x)TiO3 with a slightly higher

ratio of La/Ca. If A-site vacancies were generated, then it would be expected that the lattice volume

would be smaller compared to the one to one doping. On the other hand, if no cation vacancies

were generated then an increase of the lattice volume would be expected as the ratio La/Ca is

higher. Figure 6.3 is Figure 6.2 with the addition of the powder XRD patterns of the samples

La0.1Ca0.9TiO3 and La0.2Ca0.8TiO3. It can be seen that the peak positions of LaxCa1–(3/2x)TiO3

were shifted to the smaller angle indicating a higher lattice volume compared to LaxCa(1–x)TiO3.

Thus the creation of A-site vacancies was unlikely or in a small concentration compared to the TiO2

secondary phase.
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Figure 6.2: Expanded XRD patternd of LaxCa1–(3/2x)TiO3 melted in argon and sintered by SPS
at 1450°C in high vacuum (diffusion pump), with a heating and cooling rate of 100°C per minute

and an applied pressure of 40MPa.

Figure 6.3: Expanded XRD patterns of LaxCa1–(3/2x)TiO3 and LaxCa(1–x)TiO3 melted in argon
and sintered by SPS at 1450°C in high vacuum (diffusion pump), with a heating and cooling rate

of 100°C per minute and an applied pressure of 40MPa.
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SEM Figures 6.4a to 6.4f are a selection of SEM images of the samples LaxCa1–(3/2x)TiO3 for

x=0.1, x=0.2 and x=0.3 in backscattered or secondary electron mode. Grain boundary shapes like

zones with darker contrast than the main area can be seen on Figure 6.4a. The main area was very

likely to be the perovkite phase detected by the XRD in Figure 6.1. Secondary electron mode is

known to have the contrast mostly determined by the topography, then these darker zones should

be at a different z position (z-axis) than the main area. Figure 6.4b was at the same location

than Figure 6.4a but in backscattered electron mode. Small variations of contrast was observed

in the main zone, the contrast between the two zones was more pronounced, indicating a different

chemical composition. The results of the EDX are in Table 6.1, but while the main phase showed

a chemical composition approaching the theoretical one, the secondary phase was a very Ti-rich

phase with a small content of aluminium. The images of the secondary electron mode (Figures 6.4a

and 6.4c) suggested that the secondary phase had a lower height than the main phase, making small

accumulations of aluminium from the aluminium colloid solution used for the sample preparation

possible. No aluminium was detected in the main phase. As single phase CaTi0.9Al0.1 has been

achieved [201], then it would be expected that aluminium contamination during the synthesis or

the SPS sintering lead to a detectable presence of aluminium in the main phase as well. It seems

more probable that the aluminium came from the colloid solution used for the polishing, thus the

secondary phase was likely to be only titanium oxide.

Within the main phase, patches of brighter zones were present, such as target 5 in Figure 6.4b,

but the chemical analysis (Table 6.1) did not show a different chemical composition. These zones

were more present in the sample La0.3Ca0.7TiO3 and can be easily observed in Figure 6.4d. The

EDX results indicated that the brighter zones had a higher content in La and a lower content of

Ca, which was similar to the LaxCa1–xTiO3 system. The secondary phase was also present and can

be seen at the top of the Figure 6.4d but no EDX has been carried out. The amount of secondary

phase was more visible for sample La0.3Ca0.55TiO3. The theoretical ratio (La+Ca)/Ti for x=0.1,

x=0.2 and x=0.3 are respectively 0.95, 0.9, and 0.85; excluding the Ti rich phase, the EDX gave

respectively 0.93, 0.92, and 0.90, whereas the average for the undoped CaTiO3 was 0.90 (Table

5.1a).
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While the A/B ratio was decreasing with x increasing, this diminution was far from the theoretical

one. The accuracy of the EDX does not allow us to state that A-site vacancies were not formed

because the measured A/B ratio was not compatible, but when combined with the detection of a

Ti rich phase by SEM and an attributed TiO2 peak in the XRD pattern (Figure 6.1), the indication

of the formation of a main perovskite phase with a A/B ratio close to one and the formation of

a TiO2 phase with the excess of Ti was very strong. It was unknown if it was only the restricted

amount of O in the reaction that leads to the formation of a secondary phase, the repartition

of the O content (and so the Ti oxidation stats of the perovkite phase) of the TiO2 phase and

of the main phase was also unknown. It has been observed that the brittleness of the samples

increased with the La content, and all the sintered La0.3Ca0.55TiO3 broke into many small pieces

while handling, making the measurement of the electrical properties not possible, while the other

composition (x=0.1 and x=0.2) broke in bigger pieces making the electrical measurement possible

but not the thermal diffusivity measurment. The secondary TiO2 phase was likely responsible for

this behaviour.
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(a) La0.1Ca0.85TiO3,
secondary electron mode.

(b) EDX targets of La0.1Ca0.85TiO3, results in
Table 6.1, backscattered electron mode.

(c) La0.2Ca0.7TiO3,
secondary electron mode.

(d) EDX targets of La0.2Ca0.7TiO3, results in
Table 6.2, backscattered electron mode.

(e) La0.3Ca0.55TiO3, results in Table 6.3,
backscattered electron mode.

(f) La0.3Ca0.55TiO3, results in Table 6.3,
backscattered electron mode.

Figure 6.4: Selection of SEM images of LaxCa1–(3/2x)TiO3 melted in argon and sintered by SPS at
1450°C in high vacuum (diffusion pump), with a heating and cooling rate of 100°C per minute

and an applied pressure of 40MPa.
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Table 6.1: EDX targets result of La0.1Ca0.85TiO3 of Figure 6.4b.

Target Ca (atm%) Ti (atm%) La (atm%) Al (atm%)
1 16.8 77.9 2.1 3.2
2 3.2 92.5 0.6 3.7
3 42.4 51.8 5.8 0
4 42.3 51.9 5.8 0
5 41.4 51.7 6.9 0
6 41.7 51.6 6.7 0

Theoretical 43.59 51.28 5.13 0

Table 6.2: EDX targets result of La0.2Ca0.7TiO3 of Figure 6.4d.

Target Ca (atm%) Ti (atm%) La (atm%)
1 36.4 51.9 11.7
2 36.4 52.1 11.5
3 38.3 51.9 9.8
4 38.3 52.0 9.7
5 32.5 52.2 15.4
6 31.4 52.2 16.4
7 33.6 51.6 14.8
8 38.5 52.1 9.4
9 33.6 52.1 14.4

Theoretical 36.84 52.6 10.53

Table 6.3: EDX targets result of La0.3Ca0.55TiO3 of Figures 6.4e and 6.4f.

Target Ca (atm%) Ti (atm%) La (atm%) Al (atm%)
1 32.2 52.4 15.4 0
2 29.9 52.3 17.7 0
3 30.2 52.2 17.7 0
4 29.2 53.3 17.5 0
5 28.8 52.4 18.9 0
6 29.9 52.5 17.6 0
1? 1.4 97.3 0 1.4
2? 1.5 97.1 0 1.4

Theoretical 29.73 54.05 16.22 0
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6.3 Evaluation of the electrical performances

Figure 6.5, 6.6, and 6.7 represent the temperature dependence of the electrical conductivity, the

Seebeck coefficient, and the power factor of the system LaxCa1–(3/2x)TiO3 respectively. Compared

to the one to one doping LaxCa1–xTiO3 SPS sintered at the same temperature, for x=0.1 at 800°C,

the electrical conductivity is increase by 9 ± 5.7 %. The Seebeck coefficient was also increased

by 3 ± 3.84 % which is within the margin of error and the power factor was increased by 14 ±

9.48 %. For x=0.2, the electrical conductivity at 800°C was increased by 12 ± 5.61 % and the

absolute Seebeck coefficient reduced by 6 ± 3.84 %, leading to an almost identical power factor,

approximately 0.59 ± 0.03 mW.m−1.K−2. The increase of the power factor for x=0.1 may be the

results of a lower O content or a more optimal La concentration. It was reported that reduced

TiO2 is a thermoelectric material [202–204], then the presence of a TiO2 secondary phase could

increase the electrical conductivity without reducing the absolute Seebeck coefficient compared to

LaxCa1–xTiO3. However the amount of secondary phase in the samples x=0.1 and x=0.2 were

different. Additionally, the O content of the secondary phase could also be different in these two

samples. Thus, the presence of a TiO2 secondary phase could either be beneficial, neutral or

detrimental to the thermoelectric performances, depending on each sample’s chemical composition.
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Figure 6.5: Temperature dependence of the electrical conductivity of LaxCa1–(3/2x)TiO3 melted in
argon and sintered by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a
heating and cooling rate of 100°C per minute and applied pressure of 40MPa, measurement

carried in static He with a heating rate of 10°C per minute and a set gradient of 50°C.

Figure 6.6: Temperature dependence of the Seebeck coefficient of LaxCa1–(3/2x)TiO3 melted in
argon and sintered by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a
heating and cooling rate of 100°C per minute and applied pressure of 40MPa, measurement

carried in static He with a heating rate of 10°C per minute and a set gradient of 50°C.
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Figure 6.7: Temperature dependence of the power factor of LaxCa1–(3/2x)TiO3 melted in argon
and sintered by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes with a heating
and cooling rate of 100°C per minute and applied pressure of 40MPa, measurement carried in

static He with a heating rate of 10°C per minute and a set gradient of 50 °C.

6.4 Summary

In conclusion, in addition to the electronic compensation doping mechanism studied in section

4 and section 5 for LaxBa1–xTiO3 and LaxCa1–xTiO3, attempts were made to synthesise a series

of compositions following the ionic compensation doping mechanism based on the general formula

LaxCa1–(3/2x)TiO3. This doping mechanism inherently carries A-site deficiency. The aim was to test

whether this doping mechanism exists and if so, how does A-site deficiency influences the oxygen

loss and the electrical conductivity. The XRD and SEM results revealed the formation of a Ti-rich

secondary phase, indicating that it is very unlikely that A-site vacancies were created. Despite the

existence of secondary phases, the two compositions La0.1Ca0.85TiO3 and La0.2Ca0.7TiO3 showed

both slightly higher electrical conductivity and Seebeck coefficient when compared to the composi-

tions with the same doping La doping level in LaxCa1–xTiO3 (La0.1Ca0.9TiO3 and La0.2Ca0.8TiO3,

respectively), giving rise to a high power factor of about 1.0 mW.m−1.K−2 at 200°C.
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7 Conclusion

In conclusion, the approach of a combination of synthesising metal oxides using the arc melting

method and using titanium suboxide (titanium monoxide, TiO) raw material was successful to

produce the complete solid solutions of both LaxBa1–xTiO3 with 0 ≤ x ≤ 1, and for the first time

LaxCa1–xTiO3 with 0 ≤ x ≤ 1. Sintering of the as-prepared powders by SPS produced dense

ceramics suitable for electrical and thermal characterisations. The XRD, SEM, EPMA, WDX,

and TGA data all converged toward the same suggestion that La was inserted in the A-site of the

perovskite structure for the both alkaline earth titanates systems studied.

No non-perovskite phase was observed by XRD and SEM and the lattice volume changed with

the La content following the Vegard’s law. The lattice constants decreased proportionally with

the La doping content for LaxBa1–xTiO3 and increased proportionally with the La content for

LaxCa1–xTiO3 as the ionic size of La is smaller than Ba and bigger than Ca. The ratios A/B of the

chemical composition of the grains (A is the sum of cations at the A-site and B is the Ti cation),

measured by WDX were close to one, consistent with the stoichiometry. The distributions of cations

at the A-site (La and Ba for LaxBa1–xTiO3, La and Ca for LaxCa1–xTiO3) are inhomogeneous.

The degree of inhomogeneity was higher for the LaxBa1–xTiO3 than for the LaxCa1–xTiO3. This

inhomogeneity may explain the broadness of the XRD peaks for LaxBa1–xTiO3 and disagreements

about the space groups reported in the literature. The mass increase after oxidation measured by

TGA was proportional to the La content. This suggests that the Ti oxidation state at RT was

proportional to the La doping level for both LaxBa1–xTiO3 and LaxCa1–xTiO3 which is in line with

the electronic compensation mechanism. All these results suggest that electronic compensation

was the favoured doping mechanism. The ionic compensation mechanism, which has been widely

considered as the favourable doping mechanism for samples prepared in air using normal furnaces,

was not favoured under the sample preparation conditions used in this study.

For both systems the temperature of oxidation in air was lowered proportionally to the La doping

content, making characterisation of the thermoelectric properties at high temperature difficult for

samples with high La concentration.
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In both systems high electrical conductivity of several thousands S.cm−1 were achieved at RT,

which has not been achieved before for a BaTiO3 based system. Additionally all compositions

exhibited metallic behaviour, which was not the case for similar previous works. For both systems,

the electrical conductivity increased with the La doping content. At RT it peaked at x = 0.3 for

LaxBa1–xTiO3 and at x = 0.5 for LaxCa1–xTiO3. The electrical conductivity increased because of the

increase in the charge carrier concentration, until overpassed by the decrease of the relative density

of the ceramic pellets as the relative density decreased with the La doping, which affected the carrier

mobility. In both cases, the SPS temperature influenced the electrical conductivity of the sintered

pellets as more O vacancies were produced at higher temperatures. For both systems the values

of the Seebeck coefficient lowered with the doping content, in line with an electronic compensation

mechanism and increase of the charge carrier concentration. The high electrical conductivity led to

high power factors, 0.6 mW.m−1 for La0.2Ba0.8TiO3 at 365°C and 0.97 mW.m−1 for La0.2Ca0.8TiO3

at 270°C.

For the LaxCa1–(3/2x)TiO3 system, a Ti rich secondary phase was observed by XRD and SEM,

indicating that the formation of A-site vacancies is not the favoured mechanism for La-doped

CaTiO3 when synthesised by the approach developed in this work, instead an additional ionic

compensation occurred caused by the deficient stoichiometry in A-site elements (Ca and La) in the

raw materials. The electrical conductivity and Seebeck coefficient were not significantly improved

compared to LaxCa1–xTiO3 samples.

8 Future work

For both LaxBa1–xTiO3 and LaxCa1–xTiO3

• Differential scanning calorimetry in innert gas to measure the heat capacity Cp from RT

to 800°C in order to calculate the figure of merit ZT with the already measured thermal

diffusivity α and density ρ.

• TGA in an inert gas to characterise the modification that happened to the materials during

the thermoelectric characterization, especially the oxidation because of the O2 impurity in
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the chamber.

• X-Ray photoelectron spectrometry to quantify the ratio Ti3+/Ti4+, to confirm or not the

connection between the electrical conductivity, the oxygen loss, the dopant concentration,

and the Ti oxidation stats.

• Find a method to make cracks-free samples at a temperature higher than 1450°C, in order

to characterize all the thermoelectric properties of LaxBa1–xTiO3 at the highest electrical

conductivity.

• UV Vis to quantify the modification of the bandgap with the doping level and the SPS

sintering temperature. Tuning the bandgap of oxides is important for applications such as

the photocatalytic water splitting.

• Van der Pauw measurement to quantify the modification of the carrier concentration and the

carrier mobility with the doping level, and the SPS sintering temperature.

• Increase the relative density of the final sample and identify the reason why the ball-milled

samples were less conductive.

For LaxBa1–xTiO3

• Neutron diffraction and transmission electron microscopy to determine the space group as it

is not possible with XRD.

• TGA in flowing H25%/Ar95% to characterise the modification that happened to the materials

during the thermoelectric characterization, especially the oxidation because of the O2 impurity

in the chamber.
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Table 10.1: Element composition of several points of La0.2Ba0.8TiO3 by EPMA of Figure 10.2,
concentration in atomic%.

Target La Ba La+Ba Ti O Total
60 3.56 15.48 19.04 19.36 61.60 99.89
61 5.16 13.98 19.15 18.97 61.88 100.76
62 3.97 15.22 19.19 19.11 61.70 99.95
63 4.55 14.67 19.22 19.71 61.07 100.23
64 5.56 13.82 19.39 18.79 61.83 100.45
65 4.29 14.60 18.90 19.56 61.54 100.60
66 4.55 14.59 19.14 19.15 61.71 100.26
67 6.24 12.66 18.90 19.51 61.59 100.67
68 7.80 10.89 18.69 19.45 61.86 100.69
69 0.00 18.94 18.94 19.49 61.56 100.40
70 0.00 18.99 18.99 19.57 61.44 100.22
71 4.24 14.69 18.93 18.925 62.14 99.79
72 2.42 16.57 18.99 19.594 61.42 100.32
Theoritical 4 16 20 20 60 100
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Figure 10.1: WDX element map of La0.2Ba0.8TiO3, concentration in weight%.

Figure 10.2: EPMA backscattered electrons image of La0.2Ba0.8TiO3, element composition of the
points in Table 10.1.
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Table 10.2: Element composition of several points of La0.3Ba0.7TiO3 by EPMA of Figure 10.4.
Concentration in atomic%.

Target La Ba La+Ba Ti O Total
48 0.00 18.63 18.63 19.55 61.82 100.36
49 0.00 18.79 18.79 19.42 61.78 100.84
50 2.62 16.41 19.04 19.68 61.28 100.22
51 8.25 10.86 19.11 19.48 61.41 101.23
52 0.00 18.86 18.86 19.53 61.60 100.27
53 6.72 12.42 19.14 19.48 61.38 100.78
54 4.18 14.97 19.15 19.23 61.62 100.34
55 6.72 12.19 18.91 19.40 61.69 101.04
56 8.95 10.06 19.01 19.45 61.54 101.32
57 6.93 12.18 19.11 19.20 61.69 101.64
58 5.31 13.68 18.98 19.52 61.49 100.46
59 8.48 10.51 18.99 19.37 61.64 101.38
Theoritical 6 14 20 20 60 100
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Figure 10.3: WDX element map of La0.3Ba0.7TiO3, concentration in weight%.

Figure 10.4: EPMA backscattered electrons image of La0.3Ba0.7TiO3, element composition of the
points in Table 10.2.
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Table 10.3: Normalised element composition of several points of La0.5Ba0.5TiO3 by EPMA of
Figure 10.6, total not normalised.

Target La
(atm %)

Ba
(atm %)

La +Ba
(atm %)

Ti
(atm% )

O
(atm %)

Total
(weight % ,

not normalised)
1 10.17 9.28 19.44 19.75 60.81 100.81
2 11.04 7.98 19.03 19.5 61.47 100.93
3 0.79 20.25 21.05 20.75 58.21 111.91
4 10.98 8.53 19.51 19.86 60.62 102.17
5 8.60 10.23 18.83 20.75 60.42 98.92
6 10.1 9.24 19.34 19.59 61.07 101.52
7 11.16 7.80 18.95 19.67 61.38 100.46
8 11.93 7.29 19.23 19.28 61.49 102.19
9 11.07 8.35 19.43 19.66 60.91 101.27
10 12.15 7.29 19.44 19.77 60.79 101.38
11 11.51 7.82 19.34 19.55 61.11 101.49
Theoretical 10 10 20 20 60 100
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Figure 10.5: WDX element map of La0.5Ba0.5TiO3, concentration in weight%.

Figure 10.6: EPMA backscattered electrons image of La0.5Ba0.5TiO3, element composition of the
points in Table 10.3.
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Table 10.4: Element composition of several points of La0.6Ba0.4TiO3 by EPMA of Figure 10.8,
concentration in atomic%.

Target La Ba La+Ba Ti O Total
40 12.83 6.12 18.95 19.38 61.67 101.92
41 13.27 5.75 19.01 19.44 61.55 101.19
42 13.15 5.85 19.00 19.25 61.74 101.96
43 12.27 6.56 18.83 19.46 61.70 101.19
44 11.59 7.42 19.01 19.22 61.77 101.67
45 11.71 7.43 19.14 19.23 61.63 101.75
46 10.89 8.01 18.90 19.30 61.80 101.6
47 11.54 7.58 19.12 19.19 61.69 102.06
Theoritical 12 8 20 20 60 100
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Figure 10.7: WDX element map of La0.6Ba0.4TiO3, concentration in weight%.

Figure 10.8: EPMA backscattered electrons image of La0.6Ba0.4TiO3, element composition of the
points in Table 10.4.
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Table 10.5: Element composition of several points of La0.8Ba0.2TiO3 by EPMA of Figure 10.10,
concentration in atomic%.

Target La
(atm %)

Ba
(atm %)

La + Ba
(atm %)

Ti
(atm %)

O
(atm %)

Total
(weight %,

not normalised)
22 15.87 3.28 19.14 19.51 61.34 102.62
23 15.92 3.38 19.3 19.57 61.13 102.63
24 15.73 3.30 19.03 19.28 61.68 102.04
25 15.94 3.30 19.24 19.53 61.22 102.26
26 15.66 3.33 19.00 19.38 61.62 102.38
27 15.66 3.32 18.98 19.59 61.42 101.73
28 15.75 3.17 18.92 19.71 61.36 101.65
29 15.91 3.17 19.09 19.7 61.22 101.22
Theoretical 16 4 20 20 60 100
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Figure 10.9: WDX element map of La0.8Ba0.2TiO3, concentration in weight%.

Figure 10.10: EPMA backscattered electrons image of La0.8Ba0.2TiO3, element composition of the
points in Table 10.5.
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Figure 10.11: WDX element map of La0.9Ba0.1TiO3, concentration in weight%.

Figure 10.12: Full data of the temperature dependence of the Seebeck coefficient of CaTiO3
melted in argon and sintered by SPS at 1450°C in high vacuum (diffusion pump) for 10 minutes

with a heating and cooling rate of 100°C per minute and applied pressure of 40MPa, measurement
carried in static He with a heating rate of 10°C per minute and a set gradient of 50°C.
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