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1. Abstract

One of the directions in the search for alternative energy sources is capturing
waste heat and converting it into electricity using thermoelectric (TE) generators. Such
generators are based on the Seebeck effect, which was discovered in 1821 by T. J.
Seebeck (1770-1831). In the Seebeck effect, a temperature gradient across a material
initiates a diffusion of charge carriers across that gradient, thus creating an open-circuit
voltage between the hot and cold poles of the material. A TE device consists of several
TE couples of n-type and p-type legs, which are connected electrically in series and

thermally in parallel.

An efficient TE material is characterized by a high TE figure of merit, ZT, which
is manifested by a large Seebeck coefficient (thermopower, i.e. the ratio of voltage to
temperature difference), high electrical conductivity, and low thermal conductivity. These
three physical magnitudes embodied in ZT depend on the carrier concentration. Thus,
improving ZT by minimizing the thermal conductivity without significantly affecting the
electrical conductivity is a main challenge in the TE field. Furthermore, these properties

are highly sensitive to the finest features of microstructure.

TE oxides offer many advantages, among them are structural and chemical
stability at high temperatures, non-toxicity, and low-cost. Whereas the figures of merit of
both NaxCoO and CazC0409 p-type cobaltates approach unity, which is the criterion of
applicability, the ZT-values of their n-type counterparts are significantly lower (~0.3 at
1000 K) and should, therefore, be improved.

The present study focuses on Ruddlesden-Popper (RP) CaO(CaMnOz)m n-type
compounds, which are modulated structures formed of m perovskite CaMnOs-layers
separated by single rock-salt CaO-layers. In this study we aim at drawing the correlation
between the thermal conductivity of CaO(CaMnOs)m-based compounds and the
periodicity of the planar CaO defects, denoted by the m-values. We are, additionally,
interested in studying the effects of the planar periodicity on the other TE properties,

namely electrical conductivity and thermopower.
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We prepared several pure, La-, and Nb-doped CaO(CaMnO3)m compounds having
different periodicities by mixing oxide powders followed by multi-step sintering
processes at several temperatures up to 1673 K. We characterized the obtained
microstructures employing x-ray diffraction (XRD) and high-resolution scanning electron
microscopy (SEM). We measured the thermal conductivities of the different compounds
applying the laser flash analysis (LFA) technique, as well as the electrical conductivity
and thermopower in the range of 300 through 1000 K. We observed a remarkable
reduction in thermal conductivity as a result of increasing the CaO-planes density for the
RP compounds from a value of 2.9 W mK? for m=e down to 1.3 W m*K* for m=1
(Nb-doped) at 1000 K. This apparent correlation between thermal conductivity and CaO-
planes density is elucidated in terms of phonon scattering, implying how to manipulate
lattice thermal conductivity via microstructural modifications. This trend is, however,
accompanied by a respective reduction in electrical conductivity values from 76 down to
2.9 Q'cm?, which yields an overall decrease of ZT. We conclude that further study
concentrating on increasing electrical conductivity by doping should be performed, for

optimizing dopant identity and concentrations.
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2. Literature review

2.1 Basics of thermoelectricity

The thermoelectric (TE) effect enables direct conversion of heat into electrical
power. With TE devices, waste heat and natural heat sources can be utilized to generate
electrical power in an environmentally clean way. TE generators are solid state devices
with no moving parts, which are lightweight and noiseless, CO2 emission-free during

operation, and durable.!2

TE power generation is based on the Seebeck effect, a phenomenon discovered in
1821.23 In this effect an open-circuit voltage is formed due to the existence of a
temperature difference between two poles of a material. The Seebeck coefficient is
defined in Eq. (1).4

ov
(1) S ===

A material that possesses a Seebeck coefficient having an absolute value of 150-250

1V /K is considered to be a good TE material.®

The basic TE generator consists of two semiconductor legs, n-type and p-type,
which form a junction, and are connected to an electrical circuit as shown in Fig. 1.°
When a temperature gradient is applied on a TE couple, the mobile charge carriers at the

hot side (Tw) tend to diffuse to the cold side (Tc), producing an automotive force.
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Figure 1: A schematic illustration of a thermoelectric module for power generation (Seebeck effect).

A TE device commonly contains several TE junctions, which are connected electrically
in series and thermally in parallel, as shown in Fig. 2.

Heat absorbed

Thermoslactric +Current

elements

External
N electrical
connection

Heat flow

Figure 2: A schematic illustration of a thermoelectric module showing the thermoelements connected electrically in
series and thermally in parallel.
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The energy conversion efficiency of a TE device depends directly on both
temperatures of the cold and hot poles (determining the Carnot limit) as well as on the
dimensionless figure of merit, ZT, which depends on the material’s properties, and is
given by Eq. (2):1®

2
(2) zZT ===

T is the absolute temperature, and S is the Seebeck coefficient, which is commonly
referred to as thermopower. o and k are the material’s electrical and thermal
conductivities, respectively. There are two contributions for the thermal conductivity; one
is related to phonons due to vibrations, kph, and the second to conduction electrons, Kel.

The total thermal conductivity is given by Eq. (3):
Bk = Kpn + K

The most common TE materials that are currently in-use, such as Bi>Tes, PbTe,
CoShs, or SiGe, exhibit ZT values that barely exceed 1.1 This relatively low value leads to

device performance of about 10% of the Carnot limit, where the total efficiency of a TE

Ty—-Tc _ AT

module is expressed as the product of the Carnot efficiency ( =1
H H

) and a material-

dependent factor, as shown in Eq. (4).”

Th, Tc, AT, and Tayg are the temperatures of the hot and cold sides, their difference, and
their average value, respectively. The dependence of the total efficiency on temperature

for several ZT-values, compared to those of other heat engines is displayed in Fig. 3.8
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Figure 3: Thermoelectric power generation efficiency versus Tyt (for Teq1g = 300 K). Efficiency for conventional

mechanical engines as the Carnot limit are also shown.®

Eq. (4) implies that high ZT-values and large temperature differences across the TE unit
are required to increase the device efficiency. For achieving high ZT, we require
relatively high ¢ and S-values at the same time with low k-values. These three
magnitudes, in turn, depend on the charge carrier (holes or electrons) concentration, n, as

illustrated in Fig. 4.°

As the Seebeck coefficient decreases with increasing charge carrier concentrations, the
electrical conductivity increases, Eq. (5), X and so does the electrical component of

thermal conductivity, Eq. (3), as demonstrated by the Wiedemann-Franz law.
1
(5) 0 =—=neu
p

u denotes the charge carrier mobility, n represents their concentration, p is the electrical
resistivity and e is an electron charge. For high charge carrier concentration the electrical
and thermal conductivities attain their highest values; however, the Seebeck coefficient
attains its lowest values. On the other hand, for low charge carrier concentrations, the
Seebeck coefficient exhibits its highest values whereas both thermal and electrical
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conductivities are the lowest. Thus, an optimum value of charge carrier concentration is

required to improve ZT, which can be found in semiconductors.

The product S2o, defined as the power factor (PF), which is part of the numerator
in the expression for ZT, Eq. (2), is maximized for charge carrier concentrations ranging
between 10° and 10?* cm™3, in the semiconductor region, regardless of the material type.*
It turns out that for an optimum n-value, higher ZT can be achieved by lowering the

thermal conductivity.

v
optimum
doping level

logn

K = KKy

logn
insulators semiconductors

Figure 4: Charge carrier concentration dependence of transport parameters required for optimum thermoelectric

performance.®

2.2 State-of-the-art TE materials and the interest in

thermoelectric oxides

The conventional TE materials are semiconducting compounds consisting of
elements such as Bi, Te, Pb, and Sb. The common compounds for near room temperature
applications up to 200°C are n-type Bi,Tes and p-type SboTes. Their maximum ZT-values

range between 0.8 and 1.1, as shown on Fig. 5. * For the mid-temperature range (500-900
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K), the highest ZT values are obtained for materials based on group-1V-tellurides, such as
PbTe, GeTe and SnTe. For temperatures higher than 900 K, the most widely used TE

materials are silicon-germanium compounds.

a2 n-Type 2T b Tyoe 2T

i yp 4 p-Typ

TAGS

I Bi,Te, Sie "21 b, Te, Yb, MnSb;

191~ pple  CoSb, 10y CefeSb, -~
. 08 . 08 — siGe

06} 06 —

0.2} 02

1] L L L T Y A E—

0 200 400 600 800 1,000 0 200 400 600 800 1,000

Temperature (°C) Temperature (°C)

Figure 5: The temperature-dependent ZT- values of (a) n-type and (b) p-type compounds. Approximate compositions

are presented.*

The above classic TE materials are incapable of extensive TE applications
because of their toxicity, low stability at high temperature in air due to either low melting
temperatures or volatility, low abundance and high cost, as exemplified in Fig. 6.12 Oxide
thermoelectric compounds, on the other hand, are promising candidates owing to several
advantages; among them is non-toxicity, high thermal stability in air, and low cost. The
major drawback of such TE oxides is, however, their relatively low ZT-values. ® This
situation has changed since the discovery of layered cobalt oxides, such as NaxC0204 3
and CasCo40q, both are p-type, with figures of merit that approach unity (at 1000 K).
These high ZT values are due to their high thermopower and PFs, coupled with a low
thermal conductivities.™ In contrast, the ZT-values of the best n-type oxide are still lower
(~0.3 at 1000 K) despite continuing efforts *21¢ as shown in Fig. 7.° Improving the ZT-
values of the best n-type TE oxides and searching for new ones is, therefore, of great

technological importance.
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2.3 Thermal conductivity in crystalline solids

In this section we introduce the fundamentals of heat conduction in crystals,
followed by a description of a model for lattice thermal conductivity that is widely used
in the TE field, as well as in the present study.

2.3.1 Fundamentals of thermal conductivity

The total thermal conductivity in crystalline solid materials comprises two
components, related to electrons and phonons, as mentioned in Eq. (3).

The electronic contribution for either metal or degenerate n-type or p-type

semiconductors is shown in Eq. (6):

(6) . — ﬂ_szz ne/hTe/h
€ 3 me/h

where kg is the Boltzmann constant, n,,, is the electron or hole concentration, 7, is
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their relaxation time, i.e the average time between two successive scattering events, and
me, is their effective masses. The classical Kinetic theory provides a good

approximation for the lattice thermal conductivity, as presented in Eq. (7): ¥/

. Cy 1 v

Wl =

(7) kp =

Here, Cy is the constant-volume specific heat (heat capacity), vg is the average sound

velocity, and | is the phonon mean free path, which is estimated as the average distance
that a single phonon passes between two successive scattering events. Phonon scattering
events can be classified into two main categories: scattering by lattice defects, such as
internal boundaries, impurity atoms, strain fields, precipitates, dislocations, etc.; and
scattering by other phonons via Normal (N) or Umklapp (U) processes. In the N-
processes, there is no change in the phonon momentum during the interactions, while the
U-processes are non-momentum conserving processes. 1% Each scattering mechanism is
characterized by its own relaxation time, which is highly dependent on the material.
Matthiessen’s rule suggests that the equivalent inverse phonon relaxation time in a
system with distinct scattering mechanisms is the sum of the inverse relaxation times

corresponding to the individual mechanisms, Eq. (8): 8

i
The Debye model provides an estimation of the phonon contribution to the specific heat
in a solid. In this approach, lattice vibrations are treated as phonons in a confined volume,
as compared to Einstein’s theory, in which the crystalline solid is considered as an
accumulation of harmonic oscillators that vibrate with the same frequency. According to
the Debye theory, the Debye temperature, Tp, is defined as the temperature in which the
highest vibrational mode is occupied, and is given by Eq. (9): *°
Up

h
9 Tp = T

Where h is Planck’s constant and v, is the Debye frequency.
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The behavior of «p at very low temperatures (T<<Tp) is dominated by the heat capacity,
which scales as T°. U-processes are insignificant at this temperature range. However, at

high temperatures (T>>Tp) C,, approaches the classical value of 3R, namely the Dulong-

Petit limit,!! meaning that 1, primarily depend on | (see Eq. 6). | is determined by
phonon-phonon scattering, and depends inversely on the density of phonons that interact.

It turns out that for high temperatures «; is proportional to T,

2.3.2 The Callaway model for thermal conductivity

Several models have been proposed to describe the temperature-dependence of
lattice thermal conductivity; among them is the Callaway model that was developed in
1959, % and has been commonly used in the field of TE materials to correlate between

the material micro/nano-structure and the lattice thermal conductivity.?-%

In the Callaway model an isotropic Debye-like phonon spectrum is assumed, i.e.
no distinction between longitudinal and transvers phonons; also, the phonon branches are
non-dispersive. This model is, therefore, predictive for the frequency range where the
Debye-like phonon spectrum prevails. The Callaway model essentially integrates the
product C, -1 of Eq. (7) over the entire phonon frequency range up to the Debye
frequency, and expresses the phonon thermal conductivity for temperatures above Tp in

the following form: 2/

kg (kgT\> (To/T x*e*
10 T)=—|— —d[
(10) x, (T) 27T2175< h ) ,];, 7 (%) (eX —1)2

Where o is the phonon angular frequency, h is the reduced Planck’s constant: h/2m, x =

:—wT and 7 is the equivalent relaxation time. The latter is calculated considering the
B

relaxation times for the relevant scattering processes according to Eq. (8). The main
scattering mechanisms that are commonly taken into account are scattering from
boundaries, dislocations, strains, nanometer-scale precipitates, and the phonon—phonon

interactions:?’
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Where zu, v, 8, 70, 7P @and zs correspond to relaxation times for scattering in the U- and
N-processes, and from boundaries, dislocations, precipitates, and strain fields,
respectively. 222831 In our research, we consider the contributions of only two
mechanisms, which are the U-processes and the scattering from internal boundaries.?

The relaxation time for U-processes is expressed by: 28

hy? ~Tp
12) 51 ~ 2 (—)
(A2) 7" ~ 3@ Texp 37

where y is the Grlineisen parameter that reflects the lattice anharmonicity, and M is the

average atomic mass. For boundary scattering, the relaxation time is approximated by:
(13) 73t z% ,
Where L is a characteristic length, which is approximated by the grain size.

2.3.3 The microstructure-thermal conductivity relationship

As shown before, a very high electrical conductivity is not always an advantage,
despite the linear dependence of the PF on electrical conductivity, because of the
resultant increase in the electronic contribution to the thermal conductivity. 32 The
electrical conductivity scales linearly with the carrier thermal conductivity «el, as implied
by the Wiedemann-Franz relationship. This means that both conductivities are inter-
related; therefore, lowering electrical conductivity without significantly damaging the
thermal conductivity is difficult to achieve. An efficient strategy to achieve this goal is

maximizing ZT by manipulating the lattice thermal conductivity alone, which is the only

parameter that is independent of electronic structure, to a good approximation.® The
electrical conductivity and Seebeck coefficient are, conversely, associated to the

electronic structure and in most cases cannot be optimized independently.®
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Slack et al. suggested the concept of maximizing ZT by forming a “phonon glass
electron crystal” (PGEC) system, having a high carrier mobility combined with minimum
lattice thermal conductivity. 4 According to the PGEC approach, materials having “cages”
or “tunnels” inside their crystal structure, and comprising massive or large atoms, will
potentially exhibit low-thermal conductivity values. This structure allows the atoms to
“rattle” in the cages, which damp phonon vibrations and, thereby, reduce lattice thermal
conductivity. PGEC materials exhibit this property together with high mobility of charge
carriers. Prominent examples for compounds that are engineered based on the PGEC

approach are clathrates and skutterudites.*33

An additional approach to reduce lattice thermal conductivity is by controlling the
lattice periodicity (i.e. enlarging the unit cell parameters), thereby shortening the phonon
mean free paths.'® This strategy is being utilized for complex structures with large unit

cells such as ternary and quaternary bismuth chalcogenides.3

Another strategy applied for reducing the lattice thermal conductivity is phonon
scattering by formation of nanostructured features such as thin films, superlattices, bulk
materials with nano scale precipitates, nano-wires and quantum dots. **=° The latter
affects electronic density of states, as well. Phonon scattering from lattice imperfections
such as phase boundaries, interphase dislocations and precipitates,?>?52740-43 can also

decrease the thermal conductivity.
2.4 The interest in Ruddlesden Popper phases

Metal oxides have proven to be promising candidates for TE applications,
especially layered cobaltate structures, i.e., NaxCoO2!® and CasCo04O0'* as well as
perovskite-type phases, with the general formula ABOs; where A is a rare-earth or
alkaline metal and B is a transition metal. A and B can be selected from a wide variety of
elements. Perovskite-type phases such as, for example, manganate, * titanate, * or
cobaltate “® phases exhibit relatively large Seebeck coefficients ranging from ~100 to
~550 uV /K at 300 K. This is an essential prerequisite for a good TE material. In

particular, electron-donor-doped manganates exhibit good TE performance at elevated
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temperatures up to 1000 K. *7°® The TE properties of CaMnOs-based compounds in

which either the A- or B-sites contain substituting elements have been widely
investigated. 4852545960 Recent studies on the new n-type Nb-doped CaMnOs phase
reveal ZT value of 0.32 at 1070 K in air. ® This suggests that doped manganates can
serve as a good starting point for the search of new base n-type materials for TE
applications. Their relatively low ZT values compared to state-of- the-art lead-
chalcogenide compounds make their development challenging. % Reducing their
electrical resistivity can be accomplished by slight cationic or anionic substitutions. 626
Since phonons dominate heat conductivity in metal-oxide materials, ® different strategies
are utilized to reduce lattice thermal conductivity by phonon scattering, as explained in
Section 2.3.3. Another promising approach to reduce « is to design layered materials or
superlattices. 4% The key point in reducing k of superlattices is controlling the density

of interfaces that scatter phonons.

In this study we focus on superlattices of the Ruddlesden-Popper (RP)-type
compounds, which are modulated microstructures with the general formula AO(AMO3)m
(A-a rare earth or alkaline earth metal, M-a transition metal and O-oxgen). "~ This
layered structure is formed of m perovskite AMO3 layers separated by one rock-salt AO
layer, as shown in Fig. 8. It is hypothesized that the thermal conductivity of these oxides
can be manipulated by altering the density of the AO/(AMO3)m interfaces (number of
interfaces per unit length). In this study, we investigate the TE properties of La- and Nb-
doped CaO(CaMnO3)m, in which these dopants preferentially substitute for either the A
or B sublattice site, respectively. The crystallographic data of the compounds investigated

in our study are summarized in Table 1.

Substitution of La®" at the A site or Nb°* at the B site in the CaO(CaMnO3)m
matrix induce the formation of Mn®*" cations in the Mn*" matrix, resulting in n-type
conduction. "%’ The thermoelectric properties of La- and Nb-doped RP phases are
expected to be sensitive to the superlattice periodicities (m-values), which sets the
framework of our study reported in this research thesis.
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sample . Crystal Space JCPDS 2 A bA  cA)
structure group number

CaMnOs inf  Orthorhombic Pnma 040078030 5.282 5.277 7.459

CasMn3010 3 Tetragonal [4/mmm 000180298 5.258 5.258  26.807

CasMn07 2 Tetragonal [4/mmm 040165273 3.703 3.704  19.449

CaoMnOs 1 Tetragonal [4/mmm 040067894 3.667 3.667 12.060

Table 1: Room temperature crystallographic data for the CaO(CaMnOz)m-compounds with m=1, 2, 3, and o (inf).
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Figure 8: A schematic illustration of the crystal structure of CaO(CaMnOs)m Ruddlesden-Popper compound for (a)

m=1, (b) m=2, (c) m=3, showing the layering between the CaMnOs perovskite and CaO rock-salt structures. The

periodicities of m=1 through3 are denoted by a tetragonal-crystal structure having the 14/mmm symmetry space group
(JCPDS numbers: 040067894, 040165273, and 000180298 for m=1, 2, and 3, respectively).
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2.5 Summary

One of the directions in the search for alternative energy sources is capturing
waste heat and converting it into electricity using thermoelectric (TE) generators. An
efficient TE material is characterized by high TE figure of merit, ZT, requiring a large
Seebeck coefficient (thermopower), high electrical conductivity, and low thermal
conductivity; these properties are highly sensitive to the finest features of microstructure.
TE oxides offer many advantages, among them are structural and chemical stability at
high temperatures, non-toxicity, and low-cost. Whereas the figure of merit of both
NaxCo0O, and CazC040¢ p-type cobaltates approaches unity, which is the criterion of
applicability, the ZT-values of their n-type counterparts are significantly lower (~0.3 at
1000 K) and should, therefore, be improved.

The present study focuses on Ruddlesden-Popper (RP) CaO(CaMnOs)m n-type
compounds, which are modulated structures formed of m perovskite CaMnO3 layers
separated by a single rock-salt CaO layer. In this study we aim at drawing the correlation
between the thermal conductivity of CaO(CaMnOs)m-based compounds and the
periodicity of the planar CaO defects, denoted by the m-values, and investigating the

influence of these crystal structures on the other TE properties.
2.6 Research goals

We hypothesize that introducing extra CaO-planes within the perovskite
CaMnOs-based crystal should scatter heat-carrying phonons, thereby reducing lattice
thermal conductivity. The primary goal of this research is to manipulate lattice thermal
conductivity of different RP-based CaO(CaMnOz)m compounds by determining the
periodicity of the CaO-planes, and to investigate their effects on thermoelectric
performance. This goal will be accomplished by formation of CaO(CaMnO3)m
compounds with different m-values and experimental measurements of their temperature-
dependent thermal conductivity, electrical conductivity, and Seebeck coefficient, and
drawing the correlation between these functional properties and the materials

microstructures.
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The secondary goal is to study the effects of La- and Nb- doping on the above
thermoelectric properties. Both research goals are oriented toward improving the material

TE figure of merit.
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3. Experimental and analytical methods

In this section we describe the experimental and computational methods applied
in this study, including details on materials synthesis and characterization. The latter

include both microstructure characterization and thermoelectric measurements.
3.1 Sample preparation

Two groups of compounds made of CaO(CaixLaxMnOs)m with m=1,2,3, and o
and CaO(CaMn1.xNbxO3)m with m=1,2,3,4,5, and o were synthesized from pure oxide
powders mixed in the appropriate stoichiometric ratios. The two main raw oxide powders
used for preparation of the undoped compounds include calcium carbonate (CaCO3)
powder having ~ 14 um average particle size (Merck KGaA Co. 64271 Darmstadt,
Germany), and manganese dioxide, MnO. (Baker Co.). The major impurities (>0.01 %)
in CaCOz declared by the manufacturer are: SO4 (<0.03 %), Mg (<0.02 %), Na (<0.2 %),
and Sr (<0.1 %). The major impurities in MnO- declared by the manufacturer are: ClI
(<0.01 %), NOs3 (<0.05 %), SO4 (<0.05 %), and Fe (<0.03 %). Doping was performed by
mixing of either La,O3 or Nb2Os pure powders with the above CaCOs and MnO. raw
powders in the appropriate ratios to obtain a doping level of x=4 at.% for both classes of

compounds. We will further use the acronym inf. to denote the m=co structure.

Both classes of compounds were prepared using a standard solid state reaction
protocol "° that includes mixing the powders and room-temperature, uniaxial pressing
under pressure of 900 MPa to form both pellet- (12.5 mm dia. and ca. 2 mm thick) and
bar- (2x2x12.5 mm) shaped specimens, followed by sintering in air at several stages with
increasing temperatures ranging from 950 up to 1400 °C, which are optimized for each
compound, for 24 hours in each step. The process was determined by sintering at a given
temperature and re-grinding to fine powder, followed by X-ray diffraction (XRD)
analysis to make sure that the desirable, single-phase RP compound was obtained. This
process was repeated at the following optional temperatures with intermediate grinding
steps: 950, 1100, 1200, 1300, 1350, and 1400 °C until the desirable material was
obtained. Finally, all sintered pellet- or bar-shaped specimens were air-cooled. Table 2
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summarizes the nominal stoichiometries of the undoped, La-doped, and Nb-doped

compounds that were synthesized.

) Lattice periodicity (m-value)
Doping

inf 1 2 3 4 5
Undoped v v v /
La-doped v v v/
Nb-doped v v Vv V V /

Table 2: the nominal stoichiometries of the undoped, La-doped, and Nb-doped compounds that were synthesized,
denoted by m= (inf.), and 1 through 5.

3.2 Microstructure analysis

3.2.1 X-ray diffraction (XRD)

XRD measurements were carried out using a Siemens D5000 powder
diffractometer with an angular resolution of 0.02 °, located at the Physics Department,
Technion, applying Cu-Ka radiation at the angular range of 20 = 10-60 °. The data were

collected by angular scanning with 0.03 ° steps.

3.2.2 High-resolution scanning electron microscopy (HR-SEM)

Microstructure characterization of the samples was carried out using a Zeiss Ultra
Plus high-resolution scanning electron microscope (HR-SEM) that is located at the
Materials Science & Engineering Department, equipped with a Schottky field-emission
electron gun. The images presented in this study were taken with a secondary electron
detector, operated at 4 keV.

3.2.3 Grain size analysis

The grain boundaries were marked manually on HRSEM micrographs. We
characterized the dimensions of the elongated grains using a Matlab © code employing

ellipses that are circumscribed in each grain, representing both long and short elliptical
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axes. The Matlab code was developed by Mr. Elad Joseph of the Technion

Thermoelectric Materials Laboratory.

3.2.4 Density measurements

The samples’ bulk density values were calculated from measurements of the
specimens’ weight using balance with 1 mg accuracy and their volume using caliper with

0.01 mm accuracy. This yields a 1% relative accuracy in the calculated densities.
3.3 Thermoelectric characterization

We performed physical measurements that are divided into two main categories:
electrical and thermal measurements. The electrical measurements include both electrical
conductivity and Seebeck coefficient (thermopower), and the thermal measurements

include thermal diffusivity and heat capacity.

3.3.1 Electrical conductivity and thermopower measurements

The temperature-dependent electrical conductivity, ¢ (T), and thermopower, S
(T), were measured employing the D.C. standard four-point-probe (4pp) method " for the
bar-shaped specimens in the temperature range of 80-300 K using a self-engineered
device at Prof. Bertina Fisher’s laboratory, Physics Department, Technion. Further
electrical analysis in the temperature range of 300 through 1000 K was performed at the
NETZSCH-Geratebau GmbH laboratory (Selb, Germany) employing the Nemesis SBA-
458 apparatus that is designed for simultaneous measurements of electrical conductivity
and thermopower for planar geometry. This apparatus is currently at its final stages of

development, and is not commercial yet.

3.3.1.1 Electrical conductivity measurement for bar-shaped specimens

The 4pp method is one of the simplest and most conventional methods for
electrical resistivity measurements. The concept of the measurement is illustrated in Fig.
9. In the 4pp method electrical current is passed between two outer probes and the

resulted voltage is measured between the inner two probes, with a high resistance
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voltmeter. In this manner, the contact resistivity does not have an influence on the

measurement.

I /'D C b I
w L—>
¥ 7
3
/A
O/

Figure 9: A schematic description of the 4pp technique for electrical conductivity measurement

The average resistance, R, between contacts D and C is calculated from the Ohm Law as:
vV
(14) R = 7

where V is the voltage prevailing between contacts D and C, and I is the electrical
current. For a specimen having a length L and a cross-sectional area A, the electrical

resistivity, p, is given by:

The electrical conductivity, o, is represented by:
1

And is regularly given in units of Q*cm™ or S-cm™ |

3.3.1.2 Thermopower measurements for bar-shaped specimens

The Seebeck coefficient of a material, as defined by Eqg. (1), denotes the
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magnitude of the induced thermoelectric voltage in response to a temperature difference
across it. The measurement principle is illustrated in Fig. 10. A bar-shaped sample (~2 x
2 x 10 mmd) is set in a vertical position between both upper and lower blocks of a
furnace. While the entire specimen is heated up to a given temperature, a local heater
heats up one pole only, one at a time, to provide a temperature difference between both
poles. After the temperature difference along the specimen reaches at a steady state, the
Seebeck coefficient is derived from the built-in voltage divided by the temperature
difference.

secondary healer

Measure
temperature

and voltage

Figure 10: A schematic description of the Seebeck coefficient measurement setup applied at the Physics Department,

Technion.
3.3.1.3 Electrical conductivity measurement for planar specimens

The Netzsch SBA-458 system is a newly-developed instrument that
simultaneously measures both electrical conductivity and the Seebeck coefficient for thin
films and bulk materials having any planar geometry (ca. 10 through 25.4 mm dia.), at
temperatures ranging from 300 to 1050 K. Measurements are done under flowing, high-
purity (5N) Ar. As the furnace reaches at a given temperature set point, a measurement of
the electrical conductivity takes place using the electrical contacts. Afterwards, the two
micro heaters generate a temperature difference along the sample and measurement of the
Seebeck coefficient takes place.
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The sheet resistivity of a sample is determined by a method called “linear four
terminal arrangement”. According to Smits and Valdes, " the sheet resistivity of quasi-
infinite sized sheets is given by Eq. (17):

AV 21
AN p=7"7FT1T 1 1

s ————
S1 S3 Sl+52 SZ+S3

where the s;. parameters are the spacings between the probes at the sample holder. For the
present configuration, these distances are: s1=s3=1.5 mm, and s,=7.8 mm, which leads to
a simplified formula given by Eq. (18):

21

(18) p=A—V
! (%_slisz)

Due to the specimens’ finite dimensions, scattering factors have to be considered in the

calculation of the resistivity, having the form:

(19) 6, = ZAn e ¥/t

where x stand for either the thickness, width or length. The corrected expression for

resistivity is, therefore:

(20) prinar = m

The scattering factors are obtained from the theory of mirror charges in electrostatics, and
usually cannot be determined analytically. Therefore, finite element analysis is applied to
determine the scattering factors for the present sample geometries, and this code is
automatically applied by the SBA-458 analysis interface for a given specimen geometry.
The sample thickness range for this evaluation is limited to the range of 10 um through 2

mm.
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3.3.1.4 Thermopower measurements for the planar geometry

Measurements of the Seebeck coefficient are performed using two differential
thermocouples, where one of the junctions of each thermocouple is juxtaposed onto the
sample, and the other junction is placed at a reference temperature Trer (both on the same
Trer), as shown in Fig. 11.

sample

d

Sample holder
incl. heater

s

N

differential
thermocouple

Figure 11: A schematic description of the SBA-458 Seebeck coefficient measurement setup.

This measurement setup allows a simple way of determination of the Seebeck coefficient

of a sample, since it is reduced to the configuration shown in Fig. 12.
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T1 T2

<>
Figure 12: A typical configuration for the measurement of the Seebeck coefficient.

External heaters produce a temperature difference of T»-T: on the sample, and the
voltages at these positions are probed, as well. The Seebeck coefficient is then calculated
using Eqg. (21), given the Seebeck coefficient of material B (Sg).

AV

@) 5= = im 57

where AT =T, — T,

3.3.2 Thermal conductivity measurements

We determine the materials’ thermal conductivity, k, by measuring their thermal
diffusivity, a, specific heat, Cp, and density, p, as a function of temperature; K is

expressed by *:
(22) k(T) = a(T) p-Cy(T)

We employ the Netzsch Microprobe LFA-457 system to directly measure the thermal
diffusivity of pellet-shaped specimens. This instrument is based on the “half-time”
method, as described in figure 13, where a thermal pulse is generated by a 18.5 J/pulse
Nd-YAG laser system (pulse duration 0.5 ms) onto the sample’s surface on one side, and
the thermal response is detected using one of the two user interchangeable mercury-
cadmium-telluride or indium-antimonide infra-red detectors. The thermal signal is then
temporally resolved on the opposite side of the specimen, thus yielding the temperature-

dependent thermal diffusivity, as follows:
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2
(23) a(T) = 0.1388 - f—;
0.5

where d is the sample’s thickness and t, s is the characteristic time at which the thermal

signal reaches 50% of its intensity.
The main features of the LFA-457 system are:

e Temperature range: -125 to 1100 °C;

e Thermal conductivity range: 0.1 to 2000 WmK;

e Thermal diffusivity range: 0.01 to 1000 mm?s;

e Accuracy: = 2% in thermal diffusivity, and = 3% in thermal conductivity;

e Dimensions of samples: round having 6, 10, 12.5, and 25.4 mm dia., and <5 mm
thick.

In the current experimental procedure we measured thermal conductivity in the range of
300-1000 K wusing an indium-antimonide detector. The temperature-dependent heat
capacity is simultaneously measured in the LFA by a comparative method using a pure

reference Al,Oz-sample having similar geometry.
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Figure 13: A schematic description of the laser flash analysis (LFA) method.

3.4 First-principles calculations

In this study we employ first-principles calculations of the average sound
velocities and Debye temperatures for the undoped RP phases with m =1, 2, 3, and oo, to
be utilized as input for the model applied by us for analyzing our thermal conductivity
results in the Discussion Section. The following is a description of the outline of first-

principles calculations.

The fundamentals of quantum mechanics state that the wave function of any
physical system contains all information about the system, including energy, momentum,
position, and particle density. Solving the Schrédinger equation (SE) for a wave function
representing a many-body system (tens to hundreds of atoms, each incorporates tens of
electrons) is much beyond the capabilities of modern computational methods.”* The
density functional theory (DFT) addresses this problem by transition from solving the
many-body (N-particles) SE having 3N degrees of freedom (DOFs) to solving a set of N
Kohn-Sham equations, each having only three DOFs.”>® Thus, DFT enables us
calculating a lattice internal energy and electronic structure, or any physical property

derived from them.

44



We perform DFT calculations utilizing the Vienna ab initio simulation package
(VASP),2-82 and the MedeA software environment, 8 employing the PBE energy
functional based on the generalized gradient approximation (GGA) to express the
exchange-correlation energy,® as well as the projector augmented wave (PAW)
potentials to represent the core electron density.®® We utilize a plane-wave basis set with
400 eV energy cutoff to represent the Kohn-Sham wave functions, and set a uniform
9x9x3 Monkhorst—Pack k-point mesh.”®® We optimize the structure of the simulated
phases with force convergence of ionic relaxations set to 10° eV-Al and energy

convergence threshold of 10° eV.

We further calculate the lattice elastic constants from the total energy variations
resulted in response to a 0.005 strain, which is applied along the principal axes. The
resulting three independent elastic constants C11, Ci2, and Cas of the RP phases yield the
shear and bulk moduli, G and K, respectively. The transverse, v,, and longitudinal, v,,

sound velocities are calculated directly from the elastic constants and the lattice density,

P 8788 a5 follows:

and:

(25) v, =

The average sound velocity is calculated from: 8%

1( 2 1 -1/3
(26) ”’":HEJ“E)] ’

which is averaged over the one longitudinal and two transverse phonon modes. We

calculate the Debye temperature as well, which is given by:

h (6m2N\">
(27) Tp = ( ) Um

kg \ Vo

where N is the number of atoms in the unit cell of the volume V.
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4. Results

This chapter displays the experimental results acquired in this study, and consists
of two sections. The first one, 4.1, refers to microstructure characterization using X-ray
diffraction for phase identification (4.1.1) and scanning electron microscopy for defect
and grain size analysis (4.1.2 and 4.1.3). The second one, 4.2, introduces thermoelectric
characterization, including electrical conductivity (4.2.1), thermopower (4.2.2), and

thermal conductivity measurements (4.2.3).

4.1 Microstructure characterization

4.1.1 X-ray diffraction (XRD) analysis

We performed XRD analyzes for the specimens sintered in the multi-stage
process detailed in Chapter 3 to make sure that we obtained the desirable RP singe-phase
materials. The XRD patterns presented in figures 14-24, show that all of the undoped
compounds as well as the Nb-doped ones of the m=1,2,3 and inf type, as well as the La-

doped ones of the m=1,2 and inf type exhibit the expected single-phase states, as follows:

The XRD patterns taken from the undoped, La-doped, and Nb-doped compounds of
the m=inf periodicity fit the orthorhombic crystal structure having the Pnma space
group symmetry (JCPDS number: 040078030).

e The XRD patterns taken form the undoped, La-doped, and Nb-doped compounds of
the m=1 periodicity fit the tetragonal crystal structure having the 14/mmm space
group symmetry (JCPDS number 040067894).

e The XRD patterns taken form the undoped, La-doped, and Nb-doped compounds of
the m=2 periodicity fit the tetragonal crystal structure having the 14/mmm space
group symmetry (JCPDS number: 040165273).

e The XRD patterns taken form the undoped and Nb-doped compounds of the m=3

periodicity fit the tetragonal crystal structure having the I4/mmm space group

symmetry (JCPDS number: 000180298)
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Figure 14: An X-ray diffraction (XRD) pattern acquired from the undoped compound of the m=1 periodicity, fitting
the tetragonal-crystal structure having the 14/mmm-symmetry (JCPDS number 040067894).
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Figure 15: An X-ray diffraction (XRD) pattern acquired from the La-doped compound of the m=1 periodicity, fitting
the tetragonal-crystal structure having the 14/mmm-symmetry (JCPDS number 040067894).
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Figure 16: An X-ray diffraction (XRD) pattern acquired from the Nb-doped compound of the m=1 periodicity, fitting
the tetragonal-crystal structure having the 14/mmm-symmetry (JCPDS number 040067894).
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Figure 17: An X-ray diffraction (XRD) pattern acquired from the undoped compound of the m=2 periodicity, fitting the
tetragonal-crystal structure having the 14/mmm-symmetry (JCPDS number: 040165273).

48



9 —— m=2 La-doped|
2000-
0 | S
c
3
© 1000+
>
W
C -
9 g g J
c = g =
- I T2 L
0-
1 1 1 1

0 20 30 40 50 60
2theta

Figure 18: An X-ray diffraction (XRD) pattern acquired from the La-doped compound of the m=2 periodicity, fitting
the tetragonal-crystal structure having the 14/mmm-symmetry (JCPDS number: 040165273).
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Figure 19: An X-ray diffraction (XRD) pattern acquired from the Nb-doped compound of the m=2 periodicity, fitting
the tetragonal-crystal structure having the 14/mmm-symmetry (JCPDS number: 040165273).
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Figure 20: An X-ray diffraction (XRD) pattern acquired from the undoped compound of the m=3 periodicity, fitting the
tetragonal-crystal structure having the 14/mmm-symmetry (JCPDS number: 000180298)
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Figure 21: An X-ray diffraction (XRD) pattern acquired from the Nb-doped compound of the m=3 periodicity, fitting
the tetragonal-crystal structure having the 14/mmm-symmetry (JCPDS number: 000180298)
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Figure 22: An X-ray diffraction (XRD) pattern acquired from the undoped compound of the m=inf periodicity, fitting
the orthorhombic-crystal structure having the Pnma -symmetry (JCPDS number 040078030)
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Figure 23: An X-ray diffraction (XRD) pattern acquired from the La-doped compound of the m=inf periodicity, fitting
the orthorhombic-crystal structure having the Pnma-symmetry (JCPDS number 040078030)
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Figure 24: An X-ray diffraction (XRD) pattern acquired from the Nb-doped compound of the m=inf periodicity, fitting
the orthorhombic-crystal structure having the Pnma-symmetry (JCPDS number 040078030)

In contrast to the above-listed results, the XRD pattern collected from the La-
doped compound of the nominal m=3 periodicity, Fig. 25, does not fit the expected
14/mmm space group symmetry represented by the JCPDS number 000180298, but to a

combination of m=inf and m=2. This composition will be, therefore, denoted by us as

m=3* La-doped further on.
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Figure 25: An X-ray diffraction (XRD) pattern acquired from the La-doped compound of the m=3" periodicity, fitting

to the combination of m=inf (blue dots) and m=2 (red diamonds).

Similarly, the XRD patterns collected from the Nb-doped compounds of the nominal
periodicities of m=4 and 5, Figs. 26 and 27, respectively, show correspondence to the

combination of m=inf and m=3, and will, therefore, be denoted as m=4* and m=5*

further on.
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Figure 26: An X-ray diffraction (XRD) pattern acquired from the Nb-doped compound of the m=4" periodicity, fitting

to the combination of m=inf periodicity (blue dots) and m=3 periodicity (red diamonds).
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Figure 27: An X-ray diffraction (XRD) pattern acquired from the Nb-doped compound of the m=5" periodicity, fitting

to the combination of m=inf periodicity (blue dots) and m=3 periodicity (red diamonds).
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4.1.2 High-resolution scanning electron microscopy (HR-SEM) analysis

We performed HRSEM analysis for several purposes related to thermal
conductivity analysis, given that the latter strongly correlates with a material’s
microstructure. First, we are interested in the grain size distribution, which will be taken
into account in the analysis of thermal conductivity, Chapter 5. Second, we are interested
in a rough estimate of the average pore size and porosity level; and, third, detection of the
presence of sub-micrometer size second-phase precipitates, which are undetectable in
XRD analysis, would be beneficial for understanding the thermal conductivity behavior.
All micrographs were taken for the as-sintered specimens that did not undergo any
surface treatment. Fig. 28, (a) through (1) displays HRSEM micrographs of the undoped,
La-doped, and Nb-doped specimens of the m=inf., 1, 2, and 3 periodicities.

The grain boundaries of all specimens are clearly visible due to thermal etching of
the external surfaces taking place during the sintering process. It is also shown that the
different compounds exhibit either equiaxed or elongated grain morphologies. Most
importantly, the observable grain size ranges from a minimum value of ~ 1 um up to ca.
20 um dia. It is noteworthy that no second-phase precipitates are detected. Furthermore,
the compounds incorporate a certain level of porosity, a few vol. percents, with pores that
are separated from each other by an average distance of 50-10 um. These data will serve

us in the analysis of the thermal conductivity, Chapter 5.
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Undoped La-doped Nb-doped

m=inf

Figure 28: HRSEM micrographs of the different undoped and doped specimens having the m=1,2,3, and inf.
periodicities.

Figure 29, (a) and (b) displays HRSEM micrographs taken from the Nb-doped specimens
of the m=4"and 5" periodicities.
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Figure 29: HRSEM micrographs taken from the Nb-doped specimens with m=4* and 5* periodicities.

4.1.3 Grain size analysis

We are interested in grain size analysis for our compounds, since grain boundaries
may play a significant role in scattering phonons, thereby reducing lattice thermal
conductivity, depending on their density, i.e. grain size. Since many compounds exhibit
elongated grain morphologies characterized by length and width (length > width), we
consider the average grain width as the characteristic dimension that is significant for
thermal conductivity. Table 3 summarizes the average grain widths measured for all
compounds investigated in this study, based on the HRSEM micrographs. The average
values were calculated from a population of about 500 grains per specimen. We note that
the values listed in Table 3 represent the average grain sizes apparent on the specimens’
surface, and may differ from the bulk grain size. We are, however, interested in an order

of magnitude rather than in exact values.

Average grain width

Doping m-value

[nm]
Undoped 1 7.74+0.65
La-doped 1 4.73+0.55
Nb-doped 1 2.43+£0.71
Undoped 2 7.6x0.55
La-doped 2 3.09+0.44
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Nb-doped 2 1.27+0.78
Undoped 3 3.39+£0.53
La-doped  3* 2.74+0.46
Nb-doped 3 1.23+0.74
Nb-doped  4* 2.36%0.72
Nb-doped  5* 2.22+0.6
Undoped inf 17.40%0.45
La-doped inf 8.52+0.47
Nb-doped inf 17.59+0.63

Table 3: Average grain widths measured for the compounds investigated in this study.

Fig. 30 is a graphical representation of the materials average grain widths, classified by

the doping nature: Undoped, La-doped, and Nb-doped compounds. It is observed that all

grain widths range between ca. 2 and 20 pm, where doping reduces the average grain

width, possibly owing to solute drag induced grain growth inhibition.
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Figure 30: Average grain widths measured for all compounds of the different periodicities (m-values).
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It is observed that all compounds exhibit log-normal-like distribution of grain widths.
Fig. 31 shows an example of such distribution acquired from the undoped m=inf

compound.

0.18-
0.16
0.14
5\0.12—-
% ool
o Vo7
T 0.06-
0.04-
0.02-
0.00-

0O 10 20 30 40 50 60
Grain size (um)

Figure 31: Grain Size distribution for the m=inf undoped sample.

4.2 Electrical measurements

We performed electrical measurements including electrical conductivity and
Seebeck coefficient (thermopower) measurements. All electrical measurements are
divided into two temperature ranges: measurements at 80 through 300 K were performed
at the Physics Department, Technion, while those at 300 through 1000 K were done at the
NETZSCH R&D laboratory, Germany.

4.2.1 Electrical conductivity measurements

We combined both electrical conductivity datasets in one temperature range from
80 to 1000 K. Figures 32 through 35 are graphical representations of the temperature-
dependent electrical conductivities, classified according to the crystal periodicity (m-

values).
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Figure 32: Graphical representation of the electrical conductivities plotted for the extended temperature range of 80

through 1000 K for the m=1 compounds: undoped (squares), La-doped (triangles), and Nb-doped (circles).
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Figure 33: Graphical representation of the electrical conductivities plotted for the extended temperature range of 80

through 1000 K for the m=2 compounds: undoped (squares), La-doped (triangles), and Nb-doped (circles).
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Figure 34: Graphical representation of the electrical conductivities plotted for the extended temperature range of 80

through 1000 K for the m=3 compounds: undoped (squares), La-doped (triangles), and Nb-doped (circles).

10*y
A 10°F
S 100} R RRRRRRRRARRAAR
NRY:
= 100} -
3 10 ]
& 10%f
©
C_g 10_35'
= 10-4: —A— m=inf La-doped
S 3 —0— m=inf Nb-doped
o 10°F —o— m=inf undoped
0 200 400 600 800 1000

Temperature (K)

Figure 35: Graphical representation of the electrical conductivities plotted for the extended temperature range of 80

through 1000 K for the m=inf compounds: undoped (squares), La-doped (triangles), and Nb-doped (circles).
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The datasets presented in Figs. 32 through 35, when examined for each
periodicity (m-value) individually, indicate a significant increase in electrical
conductivity due to either La- or Nb-doping; for instance, by ~2-4 orders of magnitude at
room temperature. Interestingly, the effects of both La and Nb dopants are very similar.
Particularly, it can be observed that for the m=1 compounds the effects of La- and Nb-
are practically identical, whereas for the m=2 compounds the Nb-doped one exhibits
electrical conductivity that is slightly higher than that of the La-doped one. Conversely,
for the m=3 compounds, the La-doped sample exhibits the highest electrical conductivity
values, and for the m=inf compounds both of the doped samples exhibit identical
electrical conductivity values up to 300 K. For higher temperatures, the electrical

conductivity of the Nb-doped sample is slightly higher than that of the La-doped one.

Owing to the enhanced electrical conductivity measured for the doped
compounds, we will focus on them further on. Since we are interested in the effects of
lattice periodicity (m-value) on electrical conductivity, we plot the temperature-
dependent conductivity for the different m-values, for the La-doped compounds (Fig. 36),
and for the Nb-doped ones (Fig. 37).
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Figure 36: Electrical conductivity Vs. temperature for the La-doped samples having the periodicities of m=inf (red

markers), m=1 (black), m=2 (green), and m=3* (blue).
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Figure 37: Electrical conductivity Vs. temperature for the Nb-doped samples having the periodicities of m=inf (red

markers), m=1 (black), m=2 (green), and m=3 (blue).

It is shown that the electrical conductivity values of all La-doped RP-phases
(m=1-3) are lower than those of the m=inf ones. This is attributed to the planar density of
the insulating rock-salt (RS) CaO-layers in the polycrystalline RP samples. Moreover, it
can be seen that the electrical conductivity values decrease systematically with increasing
CaO planar density (decrease in m). Additionally, it is evident that the differences
between electrical conductivity values of the RP phases decrease with increasing

temperature.

4.2.2 Seebeck coefficient measurements

We measured the Seebeck coefficients for all compounds, and the results are
graphically-represented in Figs. 38-41 for both doped and undoped specimens with the
different periodicities (m-values). It can be seen that all samples exhibit negative S-
values, implying on their n-type nature. As expected, the doped compounds possess
lower |S|-values than the undoped ones, due to increased charge carrier concentrations. At
temperatures higher than 150-170 K, however, the |S|-values increase with increasing
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temperature unlike the undoped samples. Interestingly, both Nb- and La-doped samples
exhibit similar thermopower, indicating that the dopant identity has almost no or little

effect on thermopower, in contrast to its concentration.
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Figure 38: The temperature-dependent Seebeck coefficients measured for the compounds with the m=1 periodicity,

plotted for the undoped (squares), La-doped (triangles), and Nb-doped (circles) states.
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Figure 39: The temperature-dependent Seebeck coefficients measured for the compounds with m=2 periodicity plotted
for the undoped (squares), La-doped (triangles), and Nb-doped (circles) states.
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Figure 40: The temperature-dependent Seebeck coefficients measured for the compounds with m=3 periodicity plotted
for the undoped (squares), La-doped (triangles), and Nb-doped (circles) states.
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Figure 41: The temperature-dependent Seebeck coefficients measured for the compounds with m=inf periodicity

plotted for the undoped (squares), La-doped (triangles), and Nb-doped (circles) states.

Since we are interested in the effects on lattice periodicity (m-value) on electrical
properties, we plot the temperature-dependent thermopower for the different m-values,
for the La-doped compounds (Fig. 42), and for the Nb-doped ones (Fig. 43). It is shown
that the |S|-values of the RP phases (m=1-3) are lower than that of the m=inf. one.
Additionally, all RP phases exhibit similar |S| values for the temperature range studied.
Moreover, it can be seen that all of the |S(T)| plots attain their maxima around 150-170 K.
Below the maximum the behavior is complicated,’° and is irrelevant for our purpose. At

higher temperatures |S(T)| increases with increasing temperature.
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Figure 42: The temperature-dependent Seebeck coefficients measured for the La-doped compounds of different

periodicities: m=inf (red), m=3* (green), m=2 (blue) and m=1 (black).
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Figure 43: The temperature-dependent Seebeck coefficients measured for the Nb-doped compounds of different
periodicities: m=inf (red), m=5* (purple), m=4* (aqua), m=3 (green), m=2 (blue) and m=1 (black).
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4.3 Thermal diffusivity measurments

We measured the thermal diffusivities of all samples in the temperatures range of
300 through 1000 K using LFA. Figures 44 through 47 are graphical representations of
the temperature-dependent thermal diffusivities, classified according to the crystal
periodicity (m-values). It is shown that the effects of both La and Nb dopants are
different. The highest thermal diffusivity is obtained for Nb-doping, and can be observed
for all periodicities, except for m=3", whereas no systematic trend can be observed for the
La-doped and the undoped samples. Particularly, it can be seen that for the m=1
compounds La-doping does not affect thermal diffusivity, whereas for the m=2
compounds La-doping increases thermal diffusivity. Conversely, for the m=3 compounds,
the La-doped sample exhibits the highest thermal diffusivity values and the undoped one

possesses the lowest thermal diffusivity values.
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Figure 44: The temperature-dependent thermal diffusivities of the compounds having m=1 periodicity measured for the
undoped (squares), La-doped (triangles), and Nb-doped (circles) ones.
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Figure 45: The temperature-dependent thermal diffusivities of the compounds having m=2 periodicity measured for the
undoped (squares), La-doped (triangles), and Nb-doped (circles) ones.
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Figure 46: The temperature-dependent thermal diffusivities of the compounds having m=3 periodicity measured for the
undoped (squares), La-doped (triangles), and Nb-doped (circles) ones.
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Figure 47: The temperature-dependent thermal diffusivities of the compounds having m=i periodicity measured for the
undoped (squares), La-doped (triangles), and Nb-doped (circles) ones.

Since we are interested in the effects of lattice periodicity (m-value) on thermal
diffusivity, we plot the temperature-dependent diffusivity for the different m-values, for
the La-doped compounds (Fig. 48), and for the Nb-doped ones (Fig. 49). It is shown that
the thermal diffusivity values of all La-doped and Nb-doped RP-phases are greater than
those of the m=1 ones. This is attributed to the maximum planar density of the insulating
RS CaO-layers attained for m=1. Additionally, it is evident that the differences between
the thermal diffusivity values of the RP phases prevail for elevated temperatures, as well.
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Figure 48: The temperature-dependent thermal diffusivity measured for the La-doped compounds of different
periodicities: m=inf (magenta), m=1 (black), m=2 (red), and m=3* (blue).
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Figure 49: The temperature-dependent thermal conductivity measured for the Nb-doped compounds of different

periodicities: m=inf (magenta), m=1 (black), m=2 (red), m=3 (blue), m=4" (dark green), and m=5" (light green).
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4.4 Thermal conductivity measurements

We calculated the thermal conductivities of the compounds based on Eq. (22), as a
product of the thermal diffusivity, heat capacity, and density. Whereas the materials
densities were measured at room temperature and considered to be constant, the thermal
diffusivities and heat capacities were determined using LFA for a wide temperature range
of 300 through 1000 K. The measured bulk densities appear in Table 4. The heat
capacities of some representative samples with different m-values and different dopant
types are presented in Fig. 50. It can be seen that the specific heat is similar for several
m-values with different doping types, and follow the Dulong-Petit behavior.* Since
thermal diffusivity is measured directly by the LFA, whereas heat capacity is indirectly
measured, we interpolate an average Cp(T)-function, Fig. 51, that is representative for all

specimens to facilitate the calculation of the x(7)-function.

value Bulk density [g/cm?]

Undoped La-doped Nb-doped
m=1 3.29+0.03 3.18+0.03 2.30+0.02
m=2 3.27+0.03 3.20+0.03 3.11+0.03
m=3 3.66+0.04 3.55+0.04 2.22+0.02
m=4 2.95+0.03
m=5 3.37+0.03

m=inf 3.70+0.04 3.77+0.04 3.52+0.04

Table 4: The bulk densities calculated for all samples produced.

72



1.2-
1.04
%
s, 081
=) —0— m=1 Nb-doped
o —O— m=2 La-doped
O 0.64 —0— m=3 Nb-doped
—O0— m=4 Nb-doped
—0— m=5 Nb-doped
0.4 —O— m~=inf La-doped
) —O— m=inf undoped

200 400 600 800 1000
Temperature (K)

Figure 50: Specific heat vs. temperature as measured for several specimens employing laser flash analyzer (LFA).
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Figure 51: An interpolated function for the heat capacity, representative for all specimens.
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The thermal conductivities, as calculated applying the above procedure, are
presented in Fig. 52 through 55. It can be seen that for the La-doped compounds, those
having m-values other than 3 exhibit lower thermal conductivity values than the Nb-
doped ones. The La-doped sample having m=3* periodicity exhibits the highest thermal
conductivity. However, as mentioned in Section 4.1.1, the La-doped m=3" compound

contains a mixture of phases.
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Figure 52: The temperature-dependent thermal conductivities of the compounds having m=1 periodicity measured for

the undoped (squares), La-doped (triangles), and Nb-doped (circles) ones.
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Figure 53: The temperature-dependent thermal conductivities of the compounds having m=2 periodicity measured for
the undoped (squares), La-doped (triangles), and Nb-doped (circles) ones.
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Figure 54: The temperature-dependent thermal conductivities of the compounds having m=3 periodicity measured for

the undoped (squares), La-doped (triangles), and Nb-doped (circles) ones.
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Figure 55: The temperature-dependent thermal conductivities of the compounds having m=inf periodicity measured for

the undoped (squares), La-doped (triangles), and Nb-doped (circles) ones.

Since we are interested in the effects of lattice periodicity (m-value) on thermal
conductivity, we plot the temperature-dependent thermal conductivities for the different
m-values, for the La-doped compounds (Fig. 56), and for the Nb-doped ones (Fig. 57). A
remarkable reduction in thermal conductivity due to the introduction of CaO-planes is
observed. Most importantly, the thermal conductivity decreases systematically with
increasing RS planes density (decreasing m-value). Additionally, the differences in
thermal conductivity of the RP phases do not significantly change with temperature,
unlike the electrical conductivity values, as seen in section 4.2.1. This is a remarkable
feature, and is important for the design of high-temperature TE materials, and will be

discussed in Chapter 5.
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Figure 56: The temperature-dependent thermal conductivity measured for the La-doped compounds of different
periodicities: m=inf (magenta), m=1 (black), m=2 (red), and m=3* (blue).
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Figure 57: The temperature-dependent thermal conductivity measured for the Nb-doped compounds of different
periodicities: m=inf (magenta), m=1 (black), m=2 (red), m=3 (blue), m=4" (dark green), and m=5" (light green).
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5. Discussion

In this chapter we discuss the results acquired in this study, in view of the
research goals. This chapter consists of four sections. The first one, Section 5.1,
introduces our analysis of thermal conductivity, and focuses on qualitative and
quantitative explanation of the effects of the extra RS-planes on thermal conductivity
employing the Callaway model. The second one, Section 5.2, refers to the electrical
conductivity results. The third one, Section 5.3, includes calculations and discussion of
the power factors. The last Section, 5.4, discusses the dimensionless figure of merit, ZT,

which was calculated for the materials produced in this study.

5.1 Thermal conductivity analysis

5.1.1 The effects of CaO planes

It is clear from our XRD analysis, Section 4.1 that RP-phases with certain m-
values exist in our undoped specimens, as well as in the La-doped m= 1 and 2, and Nb-
doped m= 1, 2, and 3 materials. The rest, i.e. La-doped m=3" and Nb-doped m=4"and 57,
exhibit a mixture of RP phases with no single and definite m-value. Furthermore, the
systematic reduction in thermal conductivity due to increasing CaO-planes density
(decreasing m-values), is evident from Section 4.3. We, therefore, attempt to account for

this behavior on a quantitative basis.

To this end, we apply the Callaway model introduced in Section 2.3.2 and
represented by Eqg. (10), considering the conditions prevailing in the current experimental
system. First, as the temperatures in which we measured thermal conductivity range from
room temperature up to 1000 K, we assume that U-processes are the dominant phonon-
phonon scattering mechanism, which is a conventional approximation.’®?® We will,
therefore, utilize expression (12) for the phonon relaxation time in the U-process. Second,
we identify two types of internal boundaries in our materials that may act as phonon
scattering centers: grain boundaries and CaO-planes. To represent the phonon relaxation

78



times for boundary scattering, we utilize two variants of expression (13), as follows. For

scattering from grain boundaries we express the relaxation time as:

-1 _ -1 Vs
(28.1) Tp1 = Tgps & L(grain size) '
where L (grain size) denotes an average value of grain width, following our definition in
Section 4.1.3. For scattering from the RS (CaO) layers, we express the relaxation time as:

(28.2) 753 = Trs(m=1.23450) ~ L(m)

where L(m) denotes the equivalent distance between the two adjacent RS layers, which is
essentially the perovskite unit cell c-parameter times m, Table 1. We note that in the

current two-boundary model we neglect the possibility that the two boundaries might

have different scattering efficiency, which is manifested by different values of

transmission coefficient. The latter should be expressed in terms of the phonon
polarizations and velocities, and is beyond the scope of this thesis.?! This approximation

is, however, sufficient for our needs.

Other parameters that we need in order to employ the Callaway model are the
sound velocities and the Debye temperatures of the different structures. As these values
are unavailable and were not reported in literature, to the best of our knowledge, we
calculated them from first-principles, following the procedure detailed in Section 3.4, for
model compounds that are undoped and consist of m = 1, 2, 3, and inf. We did not
perform these calculations for m=4 and 5 since their crystal structures are unknown. The

results are shown in Table 5.
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Material v, [m/s] To[K]
m=1 undoped 5212 693.9
m=2 undoped 4975 670.3
m=3 undoped 3783 512.5
m=inf undoped 4226 632.4

Table 5: The sound velocities and Debye temperatures calculated for the undoped m=1, 2, 3, and inf. from first-
principles.

Applying Matthiesen’s rule, Egs. (8) and (11), on our three phonon relaxation
times, we calculated the temperature-dependent thermal conductivity values based on Eq.
(10). Figure 52 is a graphical representation of the results, where U indicates U-
processes scatterings, and GB and RS indicate scattering from grain boundaries and RS
layers, respectively. We use an average grain width of 17.4 um To emphasize the
dominance of scattering from grain boundaries as compared to that of U-processes, we
calculate both scattering mechanisms for the m=inf specimens, which contain no RS
layers. It can be seen that the calculated values of both m=inf states (U-only and U+GB)
are very close to each other, and are significantly greater than those of the RS-containing
structures. This fact is very consequential for this study, since it means that grain size of
the order of magnitude > several micrometers have negligible contribution for the total
thermal conductivity, when compared to the RS-layers. Moreover, it can stated that grain
boundaries in any polycrystal having average grain size larger than several micrometers
play no role in determining the lattice thermal conductivity. In such circumstances, lattice
thermal conductivity is dominated by inelastic phonon scattering (U-processes). We,
therefore, do not consider scattering from grain boundaries in the calculations made for
the rest of the RP phases (m=1 through 3). Most importantly, Fig. 58 indicates a reduction
in the thermal conductivity values of the RP phases, as compared to the m=inf ones, and

that the m=1 configuration exhibits the lowest thermal conductivity values.
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Figure 58: The temperature-dependent thermal conductivities of the undoped m=1,2,3, and inf structures. The values
were calculated based on the Callaway model and on the sound velocities and Debye temperatures that were obtained

from first-principles.

It is shown in Fig. 58 that the thermal conductivities calculated for the m=2 and 3
structures closely overlap, which is not expected for such a small difference of one lattice
parameter between the two phonon mean free paths in m=2 and 3. We associate this
proximity of thermal conductivity values to the differences between sound velocities or
Debye temperatures that were calculated for the RP phases. This means that an
inaccuracy in these values obtained from first-principles (that might arise from several
reasons, such as complexity of unit cells etc.) may obscure the distinction between the
different periodicities (m-values). We, therefore, assume constant values of sound
velocity and Debye temperatures for all structures, which are averaged from the values
listed in Table 5. These values are: v, =4549 m/s and Tp=627 K. This procedure allows
us to calculate the thermal conductivity values for m=4 and 5, as well. We note that we
did not manage to produce these phases experimentally; however, we use these
calculations for comparative purpose. Applying the above-described procedure, we
calculated the temperature-dependent thermal conductivities for all undoped structures of

m=1, 2, 3, 4, 5, and inf. The results appear in Figs. 59 and 60. Again, it can be seen in
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Fig. 59 that scattering from grain boundaries can be neglected; moreover, there is a
reduction in the thermal conductivity values of the RP phases compared to the m=inf one.
Furthermore, one can observe that the reduction is systematic, which means that the
thermal conductivity decrease with increasing RS planes density (decrease in m); this

applies for all m-values, and is clearly seen in Fig. 60.
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Figure 59: The temperature-dependent thermal conductivities of the undoped m=1, 2, 3, 4, 5, and inf structures. The
values were calculated based on the Callaway model and on the average sound velocities and Debye temperatures that
were obtained from first-principles
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Figure 60: The temperature-dependent thermal conductivities of the undoped m=1, 2, 3, 4, and 5 structures. The values
were calculated based on the Callaway model and on the average sound velocities and Debye temperatures that were

obtained from first-principles

Comparison between the experimental thermal conductivity values of the Nb-
doped samples shown in Fig. 57 and the calculated results shown in Figs. 59 and 60

reveals a remarkable similarity. This evidently proves our hypothesis that dense, extra

CaO-planes should reduce thermal conductivity. We note that the quantitative values

calculated based on the Callaway model should be regarded carefully, as this model is
predictive in terms of the dependence of thermal conductivity on temperature and defects
concentration only, however does not attempt to predict the thermal conductivity values
accurately. In this context, it is noteworthy that both experimental (Fig. 57) and
calculated (Figs. 58 and 59) results indicate a weak dependence of the thermal
conductivity on temperature, that is, the difference between the thermal conductivities for
the different m-values prevails up to 1000 K. This trend is not very common,* as usually
the influence of lattice defects on thermal conductivity diminishes at higher temperatures,
and the conductivity values of the defect-free and “perfect” lattices approach each other.

This finding is very important on the applicative aspect, as it means that the advantage
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that we obtained by reduction of thermal conductivity can compensate for the

concomitant reduction of electrical conductivity at elevated temperatures.

It should also be noted that the good agreement between the experimental (Fig.
57) and calculated (Figs. 58 and 59) results is valid for the RP phases mainly (m =1, 2, 3,
4, and 5); this calculation, however, overestimates the thermal conductivity value for
m=inf. with respect to the experimental values. This can be explained by over-
simplification of the m=inf. structure, which is considered to be defect-free in the

calculations. In practice, our m=inf. materials are not defect-free.

Last, we discuss the compounds that we did not succeed to synthesize in the
desirable single RP-phase forms, which were referred to as La-doped m=3", and Nb-
doped m=4" and 5%, It is shown in Fig. 56 that the La-doped m=3" material exhibits an
abnormal behavior, with thermal conductivities greater than those of the m=inf.
specimen. This deviation is associated to the unresolved phase composition of this
material, Section 4.1. Conversely, the thermal conductivity results of the Nb-doped m=4"
and 5" can be easily explained, and considered to be a weighted average of the thermal
conductivity values of m=inf. and m=3, given that their XRD spectra demonstrate this
phase mixture. This explains why the thermal conductivities of these materials fall

between those of m=3 and m=inf.

5.1.2. The effects of porosity

Since we produced our specimens by cold pressing and air-sintering, they contain
a certain level of porosity, as shown in Section 4.2. It is, therefore, important to resolve
the possible effects of porosity on thermal conductivity, to assure that they do not bias
our analysis of thermal conductivity. Herein, we will consider the case of pores dispersed
in a bulk matrix in the same way as that of a duplex matrix/precipitates
microstructure.®-*2 We, accordingly, apply the Callaway expression for the case of pores
that are homogeneously dispersed in the bulk, having a given average diameter and

number density.
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We infer from the representative HRSEM micrographs shown in Section 4.2 that
the average distance between the pores is not smaller than 1 um; assuming a simple
cubical dispersion, this is equivalent to an upper limit of number density of ca. 101 m™,
Based on recent findings reported in literature, 2® such values of defect number density
are not likely to influence thermal conductivity. Fig. 61 summarizes the possible effects
of precipitates with given number density values on the relative thermal conductivity; the
latter is defined as the thermal conductivity of a two-phase material incorporating
precipitates of a given number density, normalized by the thermal conductivity of the
pure matrix. It is shown that precipitates or pores having number density values > 10%° m-
% become effective in reducing thermal conductivity, which is not the present case. It is
also noteworthy that the porosity level (i.e. pore volume fraction) by itself is not the only
magnitude that should be taken into account considering phonon scattering; rather, the

pore average size and number density are the relevant parameters.
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Figure 61: Relative thermal conductivity calculated using a Callaway-based model for homogeneously-dispersed
precipitates of different number densities, plotted for 100 (squares), 200 (circles), and 300 K (diamonds).?®
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5.1.3. The effects of doping

Interestingly, if we examine the effects of La- and Nb-doping on thermal
conductivity values, Figs. 52-55, we can observe a general increase of the latter due to
doping. This is very instructive; suggesting that these increments can be attributed to the
contribution of conduction electrons to thermal conductivity, because La and Nb act as
electron donors in the CaMnOs-system. This means that the electronic contribution to
thermal conductivity, ke, cannot be neglected in these materials. It is noteworthy that we
cannot distinguish from Figs. 52-55 which of the dopants La or Nb is more effective,
since their effects are inconsistent. We assume that the effects of dopant concentrations
and their chemical identity (e.g. valence) act in tandem with lattice periodicity (m-value),
so that the net effect is complex and cannot be explained based on the available data.

5.2 Analysis of electrical conductivity data

Various trends in the behavior of electrical conductivity for a wide temperature
range and for different lattice periodicities (m-values) and doping options are shown in
section 4.2.1. To summarize the major trends, we plot the electrical conductivity at room
temperature for different m-values and for either La- or Nb- doped samples is presented
in Figs. 62 and 63, respectively. It is shown that the general behavior for both doping
options is similar, that is, the electrical conductivity decreases with decreasing m-values,
which is equivalent to increasing RS (CaO) layer density. We associate this behavior to

decrease of the electrons mean free path, A, as the RS layer density increases. This is an

outcome of Eqg. (5), in which the charge carrier mobility is represented by: u = %

e

where T is a charge carrier relaxation time, which can be approximated as the ratio of the

charge carriers’ mean free path to their drift velocity, as follows: T = Vi; this form is
f

analogous to Eqg. (13). As a result, the electrical conductivity is proportional to the mean

free path: 1

ne
(29) o =
vfme
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We note that this formulation is a simplified description that may only qualitatively

explain the trend of increasing electrical conductivity with m-values, as shown in Figs. 62

and 63.
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Figure 62: The room-temperature values of electrical conductivity as measured for the different m-periodicities for the

La-doped samples.
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Figure 63: The room-temperature values of electrical conductivity as measured for the different m-periodicities for the

Nb-doped samples.
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We note that the above-mentioned simplified model may explain why the
electrical conductivity grows linearly with m; however, Figs. 62 and 63 indicate an
exponential dependence on L(m), as defined by Eq. (28.2). To better elucidate this trend,
we adapt the approach of De Boor et al.?®, who applied an existing model to describe the
mobility of charge carriers through a polycrystal with grain size L, where grain

boundaries act as barriers with height Eg. . In this model, the mobility is given by:

1 1/2 Ep
30 = Le(— _ B
(30) kon e(anekBT> exp( kBT>

Where e is an electron charge and me is an electron effective mass. Herein, we consider
the insulating CaO-planes as Eg-high energy barriers having a finite width. When the
density of CaO-planes increase, these barrier widths overlap, so that the superimposed
energy barrier heights are proportional to L(m). Substituting L(m) for Eg in Eq. (30)

resulting in exponential dependence on m as indicated by Figs. 62 and 63.
5.3 Power Factor calculation

The positive effects of the lattice periodicity, manifested by the m-values, on
reducing thermal conductivity, are evident. Notwithstanding these effects, electrical
conductivity is reduced by the extra CaO-planes. There is also an influence of m on the
thermopower, as shown in Figs. 42 and 43. To represent the total effects of m-values on
the electrical behavior, we will calculate the power factor (PF), which is defined as PF =
S2g, for the different m-values. The resulted PF-values for the La- and Nb-doped
samples are displayed in Figs. 64 and 65, respectively. It can be seen that the PF
increases with increasing temperature for all samples. Moreover, PF values of the La-
and Nb-doped RP phases systematically decrease with increasing density of the CaO,
attaining the greatest values for m=inf. We infer from this behavior that the

predominating property is the electrical conductivity.
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Figure 64: The temperature-dependent power factor (PF) values calculated for all La-doped samples, based on the

measured thermopower and electrical conductivity.
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Figure 65: The temperature-dependent power factor (PF) values calculated for all Nb-doped samples, based on the
measured thermopower and electrical conductivity.
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To visualize the effects of lattice periodicity on the PF, we plot the ratio between
the PF for a given m-value and that of m=inf. at room temperature for the La- and Nb-
doped specimens, for the pertinent m-values, Figs. 66 and 67, respectively. It can be seen
that the RS (CaO) layers reduce the PF-values for all m-values relative to the m=inf.

state, whereas the ratio Pf(m)

PEGRE) increases with increasing m-values, as expected. We note

PF(m)

that we seek adequately large PRGRT)

-ratios, ideally approaching unity, so that the

reduction in thermal conductivity will not be compensated by the concurrent reduction in
PF, yielding an overall increase in ZT. Figs 66 and 67 indicate that this is not the case,

and that the best results for PR compounds are obtained for the Nb-doped materials with

m=4"and 5" and 2£%)_~ 2.
PF(inf.)
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Figure 66: The ratio between the PF for a given m-value and that of m=inf. at room temperature, plotted for the La-

doped materials with m=1, 2, and 3".
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Figure 67: The ratio between the PF for a given m-value and that of m=inf. at room temperature, plotted for the Nb-
doped materials with m=1, 2, 3, 4%, and 5"

Herein, we will make a comparative analysis of the PF results obtained in our
study. There are only few studies dealing with manganite-based RP phases in the TE
context, however many that deal with the role of substitution elements in the m=inf.
CaMnOs3 perovskite phase.4448:52545559.60.94.95 Qn the other hand, studies which deal with
TE properties of layered perovskite-type RP phases focus on SrTiOs (STO) based oxides,
that is, the SrO(SrTiOs)n (n=integer) system,68:69.%

Wang et al.% and Lee et al.®® found that the 5 at.% La- and Nb-doped m=1 STO
RP phase possesses lower PF than that of the m=2 Nb-doped STO RP phase, by tens of
uW -K=2-m=1, in accordance with our results. In addition, they found that the Nb-
doped samples exhibit lower PFs than those of the La-doped ones, while in our research
the PFs of both doping states were found to be similar. Furthermore, we note that the PFs
reported by them for the STO RP phases are larger than those of our CaMnQO3 RP phases
by approximately one order of magnitude. For CaMnOs-based RP phases with m=inf,,
the effects of several dopants with different concentrations were investigated. Lan et al.®®
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studied several concentrations of La in CaMnO3z compounds. Importantly, for 4 at. %
substitution, they reported on PFs that well-correspond with our findings. Furthermore,
they have found that this substitution concentration yields the highest PF among the
investigated ones (2, 6, 8 at. %).

Wang et al.®* investigated the TE properties of La-, Dy-, Yb- and Y- doped
CaMnO3 within the 6-18% at. % range. The materials having the lowest doping levels, 6
at. %, exhibit similar PF values compared to our 4 at. % (m=inf.) compound (~200 uW -
K~%-m™1 at 1000K). Moreover, the PF values of the materials with the other dopants of
6 at.% are similar to that of the La-doping (at 1000K). This means that the concentration
of dopants plays a more significant role than their identity, for dopant of the same
chemical nature. It was also shown by Wang et al. that the PFs decrease with increasing

La-doping level, except for 10 at. %.

Similarly, Wang, Sui and Su *° investigated the TE properties of 10 at. % La, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, and Yb doping in the CaMnQOs3 system. For 10 at. % La-
doping, the PF value was found to be slightly larger (by ~20 uW - K~2 - m~1) than that of
the 4 at. % La-doped m=inf. material investigated by us; the other dopants exhibited an
additional improvement in the PF values, where the highest value of ~350 uW - K=2 -

m~1 were obtained for the Dy-doping.
5.4 The figure of merit, ZT

We calculated the ZT-values for all materials based on the measured electrical
conductivities, Seebeck coefficients, and thermal conductivities. The resulting ZT-values
of the La- and Nb-doped samples are presented in Figs. 68 and 69, respectively. It can be
seen that the ZT values of all La- and Nb-doped samples increase with increasing
temperature up to 1000 K. This is a technologically-important finding, indicating that
improvement of the conversion efficiency of these materials is a question of thermal
stability, in contrast with the common TE compounds in which their ZT-values peak at

lower temperatures. Furthermore, it is evident that for both doping options the highest
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ZT is obtained for the m=inf. structures, with no RS (CaO) atomic layers, and their values
reach ~0.095 for La-doped and ~0.1 for Nb-doped samples at 1000 K.
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Figure 68: The temperature-dependent ZT-values calculated for all La-doped samples, based on the measured
thermopower, electrical conductivities, and thermal conductivities
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Figure 69: The temperature-dependent ZT-values calculated for all Nb-doped samples, based on the measured
thermopower, electrical conductivities, and thermal conductivities
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It can be concluded from Figs. 68 and 69 that although the remarkable reduction
of thermal conductivity that is obtained by manipulating the m-values, the resulting ZT-
values are, still, inferior to those of the base compounds having m=inf. structure. This is
attributed to electron scattering by the planar CaO defects.

Figure 70 displays a comparison between the ZT-values of the La- and Nb-doped
specimens of the m=inf. structure. It is shown that Nb-doping yields better ZT-values up
to 700 K, considering uncertainty level of ~ 10 % (relative error) that is common to such

measurements. The ZT-values of both materials are practically identical between 700 and
1000 K.
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Figure 70: The temperature-dependent ZT-values calculated for the m=inf.-type La- (blue) and Nb-doped (red)
samples, based on the measured thermopower, electrical conductivities, and thermal conductivities.

Comparing the resulting ZT values of our manganite-based RP phases to those of
the STO RP phases, %% reveals that the second ones possess higher ZT values, by
approximately one order of magnitude, for both m=1 and 2 in either of the La or Nb
doping types. Interestingly, in the STO RP system, the ZT value of the m=1 structure is
lower than that of the m=2 one, in correspondence with our results.
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Considering the effects of doping on ZT, Wang et al. % investigated the TE
properties of CaMnOz (m=inf) containing several types of dopants in concentrations
ranging between 6 and 18 at.%. They have found that the ZT value attained from 6 at.%
La-doping is slightly higher (0.1 at 1000K) than our results for 4 at.% La-doping (0.95 at
1000K), and that there is no improvement with changing the dopant type. However, for
the 10 at.% compounds they found an increase in the ZT value reaching at 0.12 for La-
doping, and at a value of 0.2 for Dy- and Yb-doping. Other studies show ZT=0.16 at
1000 K for 10 at. % Yb-doping, > and ZT=0.07 for Bi-doping.*8

We emphasize the important influence of the synthesis method on the resulting
functional properties, among them is the TE ZT. Bocher et al.%% investigated the TE
properties of CaMnOs with several Nb-doping levels of 2, 5, and 8 at. % (m=inf.) that
were synthesized in two different methods:“chimie douce” (SC), and the classical solid
state reaction (SSR). The SSR method reported by them is the most closely-related to our
processing method. Indeed, they report on ZT=0.75 at 1000 K for 5 at. % Nb-doping,
which is slightly lower than that achieved by us at similar conditions, 0.95. The highest
ZT-values obtained for both methods are obtained for a 2 at.% doped compound, with a
clear preference to the SC method (for all compositions) reaching the highest ZT value of
0.32.

In conclusion, we obtain ZT-values for the base compounds (m=inf.) that are
comparable with those reported in literature, pointing on the reliability of the materials
synthesis and measurements applied by us. The ZT-values obtained for the modulated
structures having m=1 through 5 are inferior to those obtained for the base materials,
though the remarkable decrease of thermal conductivity. We associate this to electron
scattering due to the extra CaO atomic planes. We believe that further study of the RP
compounds including variation of dopants and concentrations, as well as employing other
synthesis methods that yield lower porosity levels, will result in improvement of ZT.
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6. Summary, conclusions, and
recommendations for further research

Our study focuses on CaO(CaMnOz)m n-type perovskites (m=inf.; 1 through 5),
which are modulated structures, formed of m perovskite CaMnQOz layers separated by a
rock-salt CaO layer. We aim at drawing the correlation between thermal conductivity and
the planar defects periodicity, denoted by m, in CaO(CaMnO3)m- based compounds. We
prepare several pure, La- and Nb- doped CaO(CaMnOz)m compounds with different
periodicities (m-values) by mixing of elemental powders and sintering at temperatures up
to 1673 K. We perform basic materials characterization employing XRD and high-
resolution SEM in concert with laser flash analysis (LFA) for thermal conductivity
measurements as well as electrical conductivity and thermopower measurements at the

range of 300 through 1000 K. Our main findings are summarized as follows:

1. We managed to synthesize Ruddlesden-Popper phases of the CaO(CaMnOS)m

form that are either undoped or doped with 4 at.% La or Nb, having the
periodicities of m = inf., 1, and 2) for La-doping, and m = inf,, 1, 2, and 3) for
Nb-doping. The rest (m=3" La-doped; m=4" and 5" Nb-doped) were classified by
us as mixtures of lower-m RP phases.

2. The CaO/(CaMnOS)m multilayering configurations significantly reduce the

thermal conductivity values, compared to the m=inf. base materials ; this is
accompanied, however, with a reduction in electrical conductivity and power
factor, as well.

3. La- and Nb-substitutions for the Ca- and Mn- sublattice sites, respectively,
increase the electrical conductivity. In turn, the Seebeck coefficient values
decrease.

4. The differences in the electrical conductivity values of the RP phases decrease
with increasing temperature, whereas the differences in thermal conductivity
values are maintained up to 1000 K, which have technological implications for
high-temperatures.
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5. The greatest ZT-values were obtained by us for m=inf. at 1000 K, and are 0.95
and 0.1 for La- or Nb-doping, respectively. These vaues are typical for calcium-
manganite compounds. In spite of the desirable reduction in thermal conductivity,
the obtained ZT-values of the RP phases are still low compared to those of the

m=inf. phases, possibly due to charge carrier scattering from the CaO layers.

In view of the above, there are several questions that remain open, and should be

addressed. On the technological aspect:

e What is the dopant that will lead to the best TE performance? Further doping
elements that should be examined are rare-earth elements or transition metal
atoms.

e What is the optimal dopant concentration that will lead to the greatest ZT values?
Their effects on the electrical and thermal conductivities as well as thermopower,
individually, should be studied.

e The synthesis method applied in this study is room-temperature uniaxial powder
pressing followed by air-sintering, which yields porous materials. We believe that
the pores contribute to electron scattering, thereby reducing electrical conductivity
and, consequently, the power factor. In view of this, it is recommended to apply
hot-pressing in further study, which is expected to result in greater ZT-values.

On the scientific level, the following questions should be addressed:

e It is known that the La-doping atoms substitute for the Ca-sites; However, it is yet

unknown whether they prefer to occupy the perovskite or rock-salt phase.

How should this substitution preference affect TE properties? e.g. the efficiency
of scattering from CaO/MnOs interfaces, that is manifested in transport properties.

How should the above change for other doping elements? Nb, for example?

Besides the presence of extra CaO-planes, will the doping atoms affect thermal

conductivity by means of impurity scattering?

It is known that thermal conductivity of the La-doped compounds differ from that
of the undoped specimen. What is the reason for this behavior? What is the
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significance of the electronic component of thermal conductivity?

The above fundamental questions imply that we need to tightly-correlate between
TE properties and the materials® atomistic structure, including atomic positions. They
could be addressed in a careful combination between TE measurements, high-resolution
TEM (HR-TEM) analysis, and total energy-based DFT calculations.
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