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Abstract

Thermoelectric (TE) materials are used to directly interconvert heat and electricity. The
semiconductor PbTe with narrow band gap is one of the leading thermoelectric materials
in mid-temperature range due to intrinsically low lattice thermal conductivity and large
Seebeck coefficient. Recently, various strategies have produced p-type and n-type PbTe-
based materials with greatly enhanced TE properties. However, there are still many
fascinating features which are needed to be studied. First, phase analysis and TE
properties of binary polycrystalline Pb—Te samples prepared by various heat treatments
have been investigated. Since europium with its 4f electrons was expected to have strong
influence on the thermoelectric behavior of PbTe, the constitution and thermoelectric
behavior of two substitution schemes with possible Eu** and Eu** in the Pb—Eu-Te
ternary system have been examined. As sodium is widely used as substituting element for
p-type PbTe-based TE materials, the crystal structural features and TE properties of two
series of polycrystalline samples Pbi.,Na,Tei,» and Pb;.xNa,Te have been studied. The
local atomic arrangement of sodium by different substitution schemes has been revealed
by NMR. Finally, we present the reproducibility of TE properties and microstructure
evolutions of high-ZT Eu-substituted and Na-substituted PbTe during different heat
treatments. From binary PbTe to ternary Pb—Eu-Te and Pb—Na-Te, and final with
quaternary Pb—Eu—Na-Te, the comprehensive picture of the structure and TE properties

for Pb—Eu—Na—Te system is constructed.
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1. Introduction

This chapter presents a general introduction about thermoelectrics, which includes
thermoelectric (TE) effects, thermoelectric parameters, criteria for selection of the best
thermoelectric materials, and methods for the improvement of the conversion efficiency.
Following this, a readily comprehensive overview on current research on PbTe-based
thermoelectric materials is provided. Finally, the goals of this dissertation, along with a

summary of the main points, will be presented.

1.1. Thermoelectricity

In 1821, Thomas Johann Seebeck placed in direct contact a plate of bismuth with a plate
of copper. He heated one of the corners and observed the needle movement in an
electrically connected galvanometer (Figure 1.1). He also observed that a compass needle
is deflected when placed near a closed loop formed from two different electrical
conductors, if one of the junctions was heated.! This implied that the temperature resulted
in an electric current in the wire and leaded to the generation of a magnetic field, that
deflected the compass needle, known as Seebeck effect. If one side of n-type or p-type
semiconductor material is heated and a lower temperature at the other side (Figure 1.2),
the electron or hole charge carriers move faster (and thus have a lower density) at the hot
side, resulting in diffusion of electrons/holes towards the cold side. An electric field is
then created across the material due to the diffusion of charge carriers. An electrical
potential difference (AV) forms with a temperature gradient between two sides of the

material (AT). The Seebeck coefficient (S) is defined as:?

_ AV

S =
AT

(1.1)
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Figure 1.1. Drawing depicting Seebeck’s experimental instrumentation. From Adolphe Ganot,
Traité ¢lémentaire de physique expérimentale et appliquée et de meteorologie: illustré de 568

belles gravures sure bois intercalées dans le texte !Paris: L’auteur-éditeur, 1859", p. 707.
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Figure 1.2. Thermal diffusion of the charge carriers in p- and n-type semiconductors (Seebeck

effect).

Thermoelectric power generation is based on this effect and uses the conversion of heat
directly into electricity. The inverse of the Seebeck effect was observed by Jean Charles
Athanase Peltier in 1834. He found that temperature anomalies appeared near the junction
between bismuth and antimony when an electric current passed through them, discovering
the Peltier effect. The third thermoelectric effect called Thomson effect was observed by

William Thomson: when a current passes through a material with a gradient of
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temperature, the material exchanges heat with the outside medium. Conversely, a current

is produced when a heat flux passes through a material with a temperature gradient.”

Thermoelectric energy converters have attracted considerable attention because of
their advantages for solid-state operation, lack of mechanical moving parts, absence of
greenhouse gases release, high reliability, good stability, and long operating life.>"
According to above-mentioned thermoelectric effects, the solid-state TE devices can
directly convert heat from the sun, radioisotopes, industrial machines, automobiles, or
even the human body to electricity. Conversely, electricity can drive a TE device to work
as a solid-state heat pump for refrigeration.*> They have been utilized or are currently at
the trial stage in fields such as aerospace, transportation, medical services, military,
electronics, temperature detecting and measuring instruments. Moreover, TE devices

meet the demands for wasted energy harvesting and environmental protection.?

1.2. Thermoelectric figure-of-merit

TE devices appear to useful, while they are not widely used, due to low efficiency. In the
early 1900s, E. Altenkirch expressed the relationship between physical properties and the
efficiency of a simplified thermoelectric generator mathematically.® Later, Abram F. loffe
incorporated these parameters into the thermoelectric figure-of-merit.” It shows that a
good thermoelectric material should have high electrical conductivity to minimize Joule
heating, low thermal conductivity to retain heat at the junctions and maintain a large
temperature gradient, and a large Seebeck coefficient for maximum conversion of heat to
electrical power or electrical power to cooling. The commonly used dimensionless figure-

of-merit (Z7) of a thermoelectric material is defined as:

2,
7T =227 (1.2)

K

where § is the Seebeck coefficient (the S value is positive for p-type (hole) conduction
and negative for n-type (electron) conduction), o is the electrical conductivity, « is the
thermal conductivity and 7 is absolute temperature.”® For power generation, the
thermoelectric efficiency is defined by combining the Carnot efficiency (A7/Thot) and the

figure-of-merit Z7, as shown in Equation 1.3:

AT T+ZTapg—1

n= (1.3)

- T
Thot \[T+ZTqyg+ TC}fld

ot
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where Tcoid and Thot are the temperature of the cold and hot ends in a thermoelectric
module, Tavg = (Tcold + Thot)/2 and AT = Thot — Tcold. This equation indicates that increasing
efficiency requires both high ZT values and a large temperature gradient across the
thermoelectric materials.”!! Currently, the efficiency of TE devices is lower than other
energy-conversion technologies because of the low Z7 values (Figure 1.3). As shown in
Figure 1.4, there are only a few state-of-the-art TE materials with the maximum Z7 values
between 1.0 and 2.5.> From an efficiency point, a ZT value around 4 is needed for
thermoelectrics to compete with other energy-generation technologies.>!> However, any
small improvement in thermoelectric efficiency will result in many new applications for
these devices. This technology is environmentally cleaner and more reliable than
traditional compressor systems. Therefore, it is worth exploring the possibility of

increasing the figure-of-merit (Z7) of a thermoelectric material.
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Figure 1.3. The efficiency comparison of thermoelectric with other energy-conversion
technologies as a function of the heat-source temperature. The ZT values are assumed to be
temperature independent, and the heat-sink temperature is set at room temperature. (He and Tritt,

2017)°
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Figure 1.4. Timeline of the maximum ZT values for several representative families of TE

materials. (He and Tritt, 2017)?

1.3. Optimization of thermoelectric performance

Through Eq. 1.2, the challenge to create high ZT thermoelectric materials lies in achieving
simultaneously high electronic conductivity (o), high Seebeck coefficient (S), and low
thermal conductivity (x) in the same material. These parameters are determined by the
details of the electronic structure and scattering of charge carriers, and thus are not
independently controllable.” Boltzmann transport theory describes both electrical and
thermal transport in the vast majority of solids. This theory provides a general

understanding of the Seebeck coefficient (S) and electrical conductivity (o):

_8MRE i T N2/3
=<z m T(Bn) (1.4)
o= % = neu (1.5)

where kg is the Boltzmann constant, e is the carrier charge, / is Planck constant, m" is the
effective mass of the charge carrier, p is the electrical resistivity, n is the carrier
concentration, and x is the carrier mobility.'*'* The quantity S? 5 in Eq. 1.2 is called the
power factor (PF) and is the key to achieving high performance. The Wiedemann—Franz

law states that the total thermal conductivity is the sum of two independent components
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(Eq. 1.6), the lattice vibrations and charge carrier transports, called the lattice thermal

conductivity (x1) and the electric thermal conductivity (&er):
K = Kg + K, (1.6)
Ke; = oLT = neulT (1.7)

where L is the Lorentz number, typically taken as 2.45 x 10 W Q K2 for materials
having a highly degenerate electron gas.'*!¢ According to Egs. 1.4-1.7, all thermoelectric
parameters except for lattice thermal conductivity are related to charge carrier
concentration. Figure 1.5 shows the fundamental challenge of designing high-ZT
thermoelectric materials stems from the strong correlation of Seebeck coefficient,
electrical conductivity and thermal conductivity in thermoelectric materials. It is possible
to envision two approaches, aimed at increasing ZT: either the power factor ($? o) is

maximized or the thermal conductivity (x) is minimized.'>!”

Insulators Semiconductors ! Metals

Figure 1.5. Variation of Seebeck coefficient S, electrical conductivity g, thermal conductivity x,

and powder factor S? ¢ as a function of charge carrier concentrations. (Ioffe, 1956)’
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1.3.1. Increasing power factor

As discussed above, generally, the Seebeck coefficient and electrical conductivity change
in opposite directions with charge carrier concentration (Figure 1.5), and thus there is an
optimized set of values that should be achieved. That is why for semiconductors the basic
strategy to increase power factor is optimizing carrier concentration.” However, to
increase the power factor to much higher levels, one needs to carefully tailor the electronic
structures and microstructures. Goldsmid was one of the first to utilize the thermoelectric
merit factor, identifying the importance of high mobility and effective mass combination,
along with low lattice thermal conductivity for good thermoelectric materials.'® When the
figure-of-merit is expressed in terms of the reduced Fermi energy for the region in which
non-degenerate statistics can be employed, the dimensionless merit factor (f) of
thermoelectric materials can be extracted, which was first introduced by Chasmar and

Stratton:?%-2!

p=Co2 B G (18)
B o (£) (my¥ (1.9)
m* = (N,)3*m;, (1.10)

where m” is the effective mass of carriers and is related to the band effective mass n,
through the number of equivalent degenerated valleys of the band structure (Nv).'°?! Thus,
to increase the maximum thermoelectric properties, one needs to maximize u, my , and
Nv, and minimize & (this will be discussed later) concurrently to achieve higher power

factor but lower thermal conductivity.
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Figure 1.6. (a) Schematic representation of the density of states of a single valence band (blue
line) contrasted to that of band flattening (purple line) and the introduction of resonant states (red
line). (b) Band convergence effect by forming solid solution or increasing doping fraction. (Tan

etal.,2017)"

According to Eq.1.4, the common understanding of high Seebeck coefficient at a
given carrier concentration is that it is due to the high effective mass m". The band
effective mass my is related to the curvature of the bands and can be modified by
distorting the band. This can increase the density of states in the vicinity of Fermi level.!
Two commonly adopted approaches of enhancing m," include band flattening?*2 and
resonant levels (Figure 1.6a).2°?” However, the number of conducting bands and flatness
of bands (high my") have different effects on the mobility and therefore the electrical
conductivity. In most cases the increase of my" will result in the decrease of carrier
mobility and decrease the electrical conductivity. The mobility does not explicitly depend
on the number of conducting bands, unless there is significant inter-valley scattering.?
As a result, materials with large number of degenerate conducting bands are clearly
beneficial to achieve high power factors. Nv is closely related to the crystal structure
symmetry and can be large when the crystal structures are highly symmetric. One
attractive way to increase the effective Ny is to converge different bands in the Brillouin
zone within a few kgT in energy of each other (Figure 1.6b).23?%% For carrier mobility
improvement, three-dimensional (3D) modulation doping has been recently demonstrated
to be effective in several relevant thermoelectric materials. Modulation-doped samples

actually are two-phase composites made of undoped and heavily doped counterparts. The
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heavily doped compound has high carrier concentrations but low carrier mobility, while
the undoped pristine compound has low carrier concentration but high carrier mobility.>"-

31 Other attempts to improve power factor including electron energy barrier filtering, 32>

36-38

quantum confinement effects, etc.

1.3.2. Reducing thermal conductivity

The minimization of thermal conductivity can come through solid-solution formation, the
development of new materials with intrinsically low thermal conductivity, and structure
engineering like nanostructuring. As discussed above, the lattice thermal conductivity is
commonly regarded as the only independent material property of thermoelectric
parameters. So usually, reduction of thermal conductivity mainly focuses on decreasing

lattice thermal conductivity.!**

In solid materials, the interaction between atoms produces displacements from their
equilibrium lattice positions, leading to a set of vibrational waves with various
wavelengths, called phonons. These phonons are heat carriers that would propagate
through the lattice, which contribute to the lattice thermal conductivity xr.*® Phonon
waves can be scattered at crystal defects (e.g., point defects, dislocations, grain
boundaries, interfaces, precipitates, etc. Figure 1.7), giving rise to additional thermal
resistance and reducing x1..*' According to the thermal conductivity model developed by

Klemens*? and Callaway,43 44

mass contrast and strain field fluctuations caused by atomic
point defects (formed by elemental substitution, Figure 1.7a) can significantly scatter the

short-wavelength phonons, which contribute to the reduction of xr.
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Figure 1.7. Schematic diagrams of (a) atomic-scale point defects, (b) nanoscale precipitates, and

(c) mesoscale grains. (Tan et al., 2017)"
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Nano-scaled defects in materials can scatter phonons with wavelengths on nanometer
scale (Figure 1.7b). There are several approaches to achieving nano-scaled
inhomogeneity, including ex-situ additions of guest phase by mechanical or chemical

46-47 and in-situ second-phase precipitation through nucleation and growth.*8° For

mixing
the long wavelengths, crystal defects and structure features at the length scale of
micrometers or sub-micrometers are necessary (Figure 1.7¢). This is so-called mesoscale,
and it can be engineered into materials through careful powder processing.!” When point
defects, nanostructuring, and mesoscale structuring are all combined into a single material,
we call this an all-scale hierarchical architecture.**'>2 In 1995, Glen Slack introduced
the new concept of a “phonon glass and an electron single crystal” (PGEC), “a material
that conducts heat like a glass but electricity like a crystal”, which means that “a material
in which the phonon mean free paths are as short as possible and in which the electron
mean free paths are as long as possible”.>® Slack concluded that to be a good
thermoelectric material it must be a small band-gap semiconductor formed by highly
polarizable heavy elements, with electronegativity differences lower than 0.5, and with
complex crystal structures containing “rattling” atoms or molecules.!>>* Other attempts
to reduce lattice thermal conductivity including lattice anharmonicity,>>>® liquid

57-58

phonons,’”>® and bonding inhomogeneity and anisotropy,* etc.

1.4. PbTe-based thermoelectric materials

The development of thermoelectric materials has been greatly expanded in past half
century. Inorganic materials are classic representatives used in thermoelectric research.
Some examples include telluride-based materials (PbTe, Bi.Tes, etc.), Si—Ge,
skutterudites, clathrates, half-Heusler (HH) alloys, chalcogenide compounds, copper ion
liquid-like materials, metal oxides, BiCuSeO oxyselenides, etc.”!>®® New classes of
materials such as carbon nanomaterials, electronically conducting polymers, and carbon
nanomaterial/polymer nanocomposites have also been proposed recently.®’ The
percentage contribution of these materials to thermoelectric research is presented in

Figure 1.8, data was collected from Web of Science and SciFinder.5!
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Figure 1.8. Materials used in thermoelectric research and development. (Gayner and Kar, 2016)°"

With low thermal conductivity and suitable electronic transport properties, PbTe is
one of conventional state-of-the-art thermoelectric materials that have been used for the
past 50 years in the mid-temperature range.®*® In 1959, the first radioisotope
thermoelectric generator (RTG) contained both n- and p-type PbTe materials to convert
heat to electricity.®%> For over half a century PbTe-based thermoelectrics have
successfully provided power for various NASA’s missions.>!%% Scientific reports on
these materials started to appear in the literature in the 1950s and 1960s, and in the
following period a vast amount of experimental data were gathered on PbTe-based
materials for thermoelectric applications.®’” In this section, a brief overview will be
given about phase stability, defect chemistry, local structure, and TE properties of PbTe-

based thermoelectric materials.
Phase Stability

Compound semiconductor at temperature above 0 K exists as a stable phase over a range
of composition near the stoichiometric proportions. This is possible through the
incorporation of interstitial atoms, vacancies or anti-sites point defects.”® Thermal
analysis and microscopic studies on Pb—Te system suggested a negligible range of single

).74

phase stability (Figure 1.9).”" However, in order to synthesize PbTe with specified
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properties, more accurate data on the phase diagrams and the homogeneity regions of the

compounds are required.
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Figure 1.9. Phase diagram of PbTe. (Lin et al., 1989)"

Since the stability range of PbTe is very narrow, typical techniques for measuring the
solubility (metallography, powder X-ray diffraction) cannot be used. Instead, the
measured hall carrier concentrations was used to compute the stability limits of PbTe,
assuming that nonstoichiometry is caused by the presence of fully ionized vacancies on
the Pb or Te sublattices.”>’%”® Based on this method, the order of x = 10 on both sides
of the stoichiometric line at x = 0.50 was confirmed (Figure 1.10a, 1.10b).7>7>7°-83 The
composition of the substance in equilibrium with the lead-rich liquid or tellurium-rich
liquid, as a function of temperature, was established through a vapor diffusion process,
which also revealed regions of retrograde solubility for both excess-lead and excess-

tellurium specimens (Figure 1.10a).”>34

12
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Defect Chemistry

Point defects in semiconductors can introduce acceptor or donor levels in the electronic
band structure, corresponding to p-type and n-type electrical behavior, respectively.®*
85According to preparation and heat treatment conditions, the electronic properties of
PbTe can be dramatically changed.®® Experimental studies have found that there are
metal-semiconductor transition and p—n transition at certain temperature range in low
carrier concentration samples for both single-crystal and polycrystalline PbTe.5%84.86-93.173
In 1955, Putley®’ claimed that perfectly reversible electrical conductivity results have be
obtained up to 700 K, while appreciable irreversible changes took place for temperatures
above 800 K. In 1960, Brebrick and Allgaier’ suggested that crystals grown by Bridgman
method were likely to contain an excess of lead or tellurium, precipitating on grain
boundaries and dislocations. Re-solution of excess quiescent impurity atoms and
vaporization of tellurium from the specimens had been considered as the reasons for the
charge carrier concentration changes during the cyclic measurements.®”** Actually, in
1960s, it was believed that an excess of vacancies on the Pb-sublattice gives a Te-rich
phase, and the p-type corresponds to excess Te element and n-type corresponds to excess

Pb element.®73-34

In 1961, Miller, Komarek and Cadoff®® used a capsulating technique which would
completely eliminate tellurium losses at elevated temperatures during measurements,
indicated that the lattice defects, which predominantly affect the electronic properties, are
Pb interstitial ions. PbTe diffusion mechanism studies showed that Pb diffused via
interstitials and vacancies, which indicates that the predominant cation defect is of the
Frenkel type.”>?® The Te self-diffusion behavior suggested an interstitial mechanism, but
with a much higher activation energy (1.08 eV),”** which makes it difficult to
predominate the transport behavior of PbTe. In 1987, Wienecke and Schen'®-1°!
conducted high-temperature in-situ Hall coefficient and conductivity investigations on
non-stoichiometric single crystal PbTe. They showed that the formation energy of the
main native defect on Te-rich side (Pb vacancy) is 0.32 eV and on Pb-rich side (Pb
interstitial ions (Pbi)) is 0.09 eV. They believed that Pb precipitation takes place by means
of interstitial diffusion of Pb; in n-type PbTe, and Te precipitation by Pb outdiffusion

from certain areas via a Pb vacancy mechanism in p-type PbTe. In the same year, Te-rich

precipitates have been found in stoichiometric, slightly Te-rich, and also in 0.3 at.% Pb
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excess grown PbTe single crystals by TEM. For an excess of 1.0 at.% Pb, however, no
Te-rich precipitates appeared.!!% More recently, Pb-depleted disks (Pb-vacancy
aggregates) on {001} planes and pure Pb precipitates in stoichiometric PbTe were
discovered by TEM.!%+19 Moreover, their measurement showed that the volume densities
of Pb-depleted disks are around 9 x 10'7 cm™, which are independent of the Pb/Te atomic
ratios changing from 1:1.3 to 1.3:1.!1% Summarizing those investigations, it is reasonable
to assume that Vpp, Pbi, Pb-rich precipitates, and Te-rich precipitates coexist in

stoichiometric PbTe.
Local Structure

PbTe crystallizes in the cubic NaCl-type structure with Pb atoms at the cationic sites and
Te at the anionic sites; the Pb atom is located at the origin and the Te atom is at (1/2, 1/2,
1/2).°" Recently, synchrotron powder X-ray diffraction (SPXRD) study revealed
structural disorder in PbTe and assumed Pb being located away from its high-symmetry
position in [100] directions.!?1%7 The lattice dynamics study, using inelastic neutron
scattering, revealed a local symmetry breaking in the emergent dipole phase of PbTe.!%®
While other investigations, like neutron scattering, ab initio lattice dynamics, and
extended X-ray absorption fine structure experiments, concluded that lead is not off-
center, but the anomalous spectral features simply arise from large-amplitude anharmonic
vibrations.’®!%-11! Extremely large nearest-neighbor cubic interatomic force constant
along the [100] direction was used to explain this anharmonic behavior.!'> Moreover,
Iversen attributed the observed anisotropic peak broadening to anisotropic microstrain
and high concentrations of lead vacancies in PbTe lattice. The anisotropic strain implies
that the cubic symmetry is locally broken and the lattice spacing is modified over a finite
distance.'!® The local structure in bulk PbTe crystals is the key issue for understanding
the thermal conductivity, which is much lower than expected for simple rock-salt

structures.
TE Properties

Excess Pb with respect to the stoichiometric ratio results in n-type conduction, and excess
Te gives p-type. However, the maximum carrier numbers which can be introduced by
either excess Pb or Te is 10" ¢cm™, which is one order of magnitude too low for

thermoelectric applications. A dopant such as a group IV halide (e.g. Pbl2, PbBr»,) or a



1. Introduction

group 1V telluride (e.g. GeoTes,) may be used to increase the donor concentration, and
Na;Te or KoTe would increase the acceptor concentration.!®® For p-type materials,
sodium has be proved as one of the most effective dopants in controlling hole carriers in
PbTe and has been extensively utilized to optimize thermoelectric properties of PbTe-
based materials.>!!4 117153 Experimental and theoretical studies indicate that Na
substitution does not introduce resonant levels in the electronic band structure of PbTe
but, rather, move the Fermi surface close to the heavy-hole valence band.'!%!'¥11° Dye to
large mass and atomic radii fluctuations, a reduced lattice thermal conductivity can also
be achieved by Na substitution.'?"!2! The Na-doped PbTe, called ‘‘2P-PbTe”’, has been
used in 1959 as RTG and for several NASA missions in 1960s.>!° In 2011, Pei et. al.®
re-evaluated the thermoelectric properties of p-type PbTe:Na using new reliable high-
temperature thermal conductivity data. As a result, the maximum Z7 ~ 1.4 was obtained,
instead of the earlier underestimate of Z7 = 0.7. Recently, progress has been made to
obtain high ZT in Na-doped PbTe-based bulk materials using various substitutions M (Mg,
Ca, Sr, Ba, Min, Cd, Hg, Eu, Yb).#>#832122-129 Al]oy defects and nanostructuring are used
to minimize the lattice thermal conductivity (x).*>'2”!3° Through reducing energy offset
between the light (at the L-point of the Brillouin zone) and the heavy (along the Z-line of
the Brillouin zone) valence bands, the two sub-valence bands in PbTe, to improve the
power factors.3®131-132 Table 1 give a summary of recently reported high ZT p-type
materials based on Na-substituted PbTe with various substituents (M) on Pb site. The
authors claim that the enhancement is due to either nanostructuring or valence band
convergence, or both. One exception without adding Na is Tl-substitution PbTe, which
produces resonant electronic states that enhances the Seebeck coefficient and has ZT of

1.5at 773 K27



1.4. PbTe-based thermoelectric materials

Table 1.1. High ZT p-type materials based on Na-substituted PbTe with their thermoelectric

properties.
Temperature range
Solubility limit ZTmax,
Systems with ZT > 1, along c S | k. | Ref
of substituents temperature
with x value
Pbo.9sNao.02Te-xSrTe 515K -923 K 2.5,923 K . . .
x=0.05 ! 1 ! 133
(x<0.12) = 0.08
Pbo.osNao.o2Te-xMgTe 540 K-923 K 2.0,823 K
0.08 x=0.04 ! 1 ! 52
<
(<008 x=0.06
Pbi.YbiTe:Na 550 K-850 K 1.7,850 K
0.10 x>0.10 ! 1 x 127
<
(=010 x=0.01
dat th
NaxPboo7+CdoosTe nodataontie 550K 800 K 17,750 K
Na solubility l x 1 122
(x<0.02)
limit x=0.012
PbTe-0.01Na;Te-xHgTe 520K -800 K 1.6, 770 K
0.03 x<0.02 ! 1 ! 126
<
(r=0.09) x=0.02
Pb1.xMn,Te:Na 500K -750K 1.6, 700 K
0.15 x <0.10 ! 1 ! 123
<
(=019 x=0.04
no data on the
PbTe—0.01NaxTe—xCaTe 550 K-800 K 1.5,765 K
CaTe solubility 1 ! ! 124
(x<0.08)
limit x=0.06
> -
Pb..,EusNa, Te x> 005 nodata | 500 g5k 22,850 K
(<0 65 0 05) on the Na ! 1 l 129
x<0.05y<0.
solubility limit x=0.03;y=0.025

*: | decreased with respect to Na-substituted PbTe;
1 increased with respect to Na-substituted PbTe;

x no effect or not mentioned.

Compared to p-type PbTe-based thermoelectric materials, high ZT values of n-type
PbTe-based thermoelectric materials are less documented. The difference of
thermoelectric performances between p- and n-type PbTe is mainly reflected in the power
factors due to their different electronic band structures. The valance bands of PbTe near

Fermi level consist of the L-Z dual bands, which are separated by an energy gap ~0.18



1. Introduction

eV at 0 K.2%!3! As the carrier concentration increases, the Fermi level dips into the gap
and induces the electrical conduction in the heavy X band. In contrast, the conduction
band of PbTe is much simpler, the dominant band for electrical transport is always the L
band.!3* For n-type PbTe-based thermoelectric materials, iodine is the most used element
to contribute electron carriers.”>!'* In 2011, LaLonde et. al. re-evaluated the
thermoelectric properties of PbTei..lr using new reliable high-temperature thermal
conductivity, revealing a large figure of merit of 1.4 between 700-850 K.!*> Other
monovalence (Ag, Cu) or trivalence (La, Y, Ce, Bi, Sb) elements have been also used for
n-type substitution in PbTe.?>!36-14! Dyal-element substitutions such as (Zn, I), (Mg, 1),
(Bi, I), (Sb, 1), (In, I), (Ag, La), (Sn, Se), (Sb, S) and compounds alloying (NaCl), (InSb)
have improved the maximum n-type ZT values to 1.0 — 1.8, and can be attributed to
introduction of defect energy levels, distortion of the density of states, and formation of

multiphase nanostructures, etc,!2!:134142-152

1.5. Motivation and outline of thesis

As one of the most investigated TE materials, PbTe-based materials still have many
fascinating properties which are needed to be studied. Some controversies still exist
concerning the local structure and point defects in PbTe. Various strategies lead to the
greatly enhanced p-type and n-type PbTe-based TE materials, however, there are quite
few studies focusing on reproducibility of TE properties and microstructure evolution
during different heat processes (such as compact sintering, high-temperature

measurements, annealing, etc.).

In order to understand the influence of chemical substitutions and heat treatments on
the stability of the PbTe-based solid solutions and their TE properties, binary PbTe,
ternary Pb—Eu-Te and Pb—Na-Te, quaternary Pb—Eu-Na-Te systems were
systematically investigated. The structural features and electronic properties of binary
polycrystalline Pb—Te samples after various heat treatments have been investigated
(chapter 3). It was expected to find the connection between structural variations and
electronic properties (relating to defects chemistry) of PbTe. The constitution and
thermoelectric behavior of materials with two substitution schemes in the Pb—Eu-Te
ternary system are presented (chapter 4). The structural features and TE properties of two

series of polycrystalline samples Pb1.,Na,Tei.2 and Pbi«Na,Te are examined (chapter 5).



1.5. Motivation and outline of thesis

The local atomic arrangement of Na by different substitution schemes is revealed by
NMR. The structure and TE properties of samples (PbTe)o.9s-(EuTe)(NaTe)o.02 (x =0 —
0.03) with three different heat treatments: after SPS, after LFA, after long-term annealing
have been systemically investigated (chapter 6). The TE stability of Eu- and Na-
substituted PbTe under cyclic TE measurements will be discussed. Finally, a summary
on these four PbTe-based systems will be given, trying to understand the basic reasons of

the thermoelectric behavior.
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2. Synthesis and characterization methods

Here the preparation and characterization aspects of PbTe-based thermoelectric materials
are covered. A brief description of the synthesis and sintering conditions will be given,
followed by specifying structural, chemical, thermal, physical and thermoelectric

characterization methods.

2.1. Synthesis of PbTe-based thermoelectric materials

Bulk polycrystalline samples in the binary Pb—Te, ternary Pb—Eu-Te, Pb—Na-Te, and
quaternary Pb—Eu—Na—Te systems were synthesized by melting the elements Pb (shot,
99.999 mass%), Te (chunk, 99.9999 mass%), Eu (chunk, 99.95 mass%), Na (chunk,
99.99%) in a graphite-coated and fused silica tube (Figure 2.1) at 1273 K for 6 h under a
vacuum of around 10 torr. Then, the temperature was slowly lowered to 873 K and the
samples were annealed for six days for homogenization (Figure 2.2). The obtained ingots

were ground into powders by hand using an agate mortar in an argon atmosphere.

Figure 2.1. Graphite-coated silica tubes, with as-prepared materials inside.
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2. Synthesis and characterization methods

1000 °C
6 hours
2 hours
600 °C
144 hours

4 hours

10 hours

Temperature (°C)

Time (hour)

Figure 2.2. Typical temperature profile used for materials’ preparation.

1

L - i
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Figure 2.3. Sintering setup Fuji SPS-515S in glove box.

The fine powders were densified by spark-plasma sintering (SPS, Fuji SPS-515S in
glove box with argon atmosphere,'>* Figure 2.3) at 673 K under a pressure of 60 MPa for
7 minutes. The polished SPS-manufactured disks (@ = 10 mm, 2 mm thick) were first

used for measurements of the thermal diffusivity. Then the disks were cut into rectangular
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2.2. Structural characterization

blocks (2 x 2 x 8 mm?) by wire saw in order to obtain specimens for further measurements.
The additional annealing was processed in Ta tubes under Ar atmosphere in fused silica
tube at specific temperature, with following quenching in ice water after specific time.
NaxTe for the NMR investigations was synthesized according to Ref. 155, by melting Na
and Te in the stoichiometric ratio in an Ar atmosphere in a sealed Ta tube at 773 K for 5

hours.

2.2. Structural characterization
2.2.1. X-ray powder diffraction

Phase identification was performed with the X-ray Guinier diffraction technique (Huber
G670 camera, Cu Kal radiation, A = 1.54056 A, A260 = 0.005°, 26 range 3.0° — 100°,
exposure time 6 x 15 min). The reflection positions, obtained by profile deconvolution,
were corrected using the internal standard LaBs. Lattice parameter refinements and other
crystallographic calculations were performed with the program package WinCSD.!*¢ The
samples for Huber G670 were prepared by sandwiching the powder between two sheets

of Mylar films that were clamped using a metal ring.

The in-situ high-temperature powder X-ray diffraction experiments were performed
at the high-resolution beamline ID22 beamline of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, equipped with multi-channel detector and Si (111)
monochromator (20max = 28.5°, A26 = 0.002°, A = 0.354337(3) A). Fine powders of
sample with particle size < 20 um were loaded into quartz capillaries with 0.3 mm

diameter. The hot-air blower was used for generating of temperatures up to 500 °C.

2.2.2. Metallography investigation

The sample pieces for metallography were embedded in conductive resin, subsequently
grinded and polished, finally using 0.1 um diamond powder in a slurry. The sample
homogeneity was examined by optical microscopy (Zeiss Axioplan2) in bright-field and
polarized light. The element mappings were obtained by electron microprobe analysis
with the energy dispersive X-ray spectroscopy (EDS, Bruker Quantax 400 system with
the detector XFlash 630) on the polished bulk materials.
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2. Synthesis and characterization methods

2.2.3. Nuclear magnetic resonance (NMR) experiments

Nuclear Magnetic Resonance (NMR) experiments were performed on a Bruker Avance
500 spectrometer with a magnetic field of Bo=11.74 T and standard Bruker MAS probes.
The samples were diluted with GeO> and packed into 4 mm ZrOz rotors. The >*Na signals
were referenced to saturated solution of NaCl with the reference frequency of 132.29127
MHz. The spectra were obtained either from the free induction decay after a single pulse

of 2 us or from the echoes after two 90° pulses of 6 pus. The recovery time was 10 s.

2.2.4. X-ray absorption spectroscopy (XAS) experiments

X-ray absorption spectroscopy (XAS) experiments were performed at the Dragon
beamline of the National Synchrotron Radiation Research Center (NSRRC) in Taiwan.
The Eu My s spectra were taken at 300 K using the total electron yield (TEY) mode with
a photon energy resolution of ~0.6 eV. Clean sample surfaces were obtained by cleaving
the samples in situ in a vacuum of 1x10™ mbar. By making weighted sums with the two

reference samples of the Eu?>" and Eu®" ion in an octahedron,'’

using the “NMimimize”
function of the Mathematica software'>® to obtain the best fit to the experimental spectrum

of each sample, we extracted the relative amount of Eu?>" and Eu’* ions.

2.3. Chemical analysis

Elemental chemical analysis (for Pb, Te, Eu, O, C, Si, Al) was performed on ground
powder samples (~ 100 mg) by using the inductively-coupled plasma optical-emission
spectrometry (ICP-OES, Agilent 5100 SVDV setup for Pb, Te, Eu, Si, Al) and the carrier-
gas hot-extraction technique (LECO C200 setup for carbon and LECO TCH600 setup for

oxygen).
2.4. Thermal analysis

Thermal gravimetry (TG) and differential scanning calorimetry (DSC) were performed
employing the Netzsch STA 449C and Netzsch DSC 404C devices. The measurement of
TG was made with a heating rate of 5 K min! between room temperature and 773 K in
an open graphite crucible. Then the sample was kept for 12 hours in argon. The DSC was
made between room temperature and 1248 K with a heating/cooling rate of 5 K min’.
Dilatometry measurements were conducted between 293 K and 673 K with a

heating/cooling rate of 5 K min"! by DIL 801 Single Sample Dilatomer.
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2.5. Magnetic and physical properties measurement

2.5. Magnetic and physical properties measurement

The Hall effect (Ry) was measured with a standard four-point ac technique in a physical
property measurement system (PPMS, Quantum Design), with magnetic fields up to 9 T.
The Hall carrier concentrations were calculated by 1/(Rg-e), Ry is Hall coefficient, e is
the charge of an electron. Magnetization measurements on samples in polyethylene
sample holders were performed with a magnetometer system (MPMS XL-7 Quantum
Design) in the temperature range 50 — 400 K and at magnetic fields up to 7 T. The
effective magnetic moment per Eu atom is calculated by Curie—Weiss fitting, basing
specimens’ compositions achieved from ICP results. For Hall measurements, cut
rectangular bars were prepared. For magnetization measurements, irregular shape of bulk

materials were used.

2.6. Thermoelectric characterization
2.6.1. Electric conductivity and Seebeck coefficient

Electrical resistivity and Seebeck coefficient were measured (specimens of rectangular
blocks 2 x 2 x 8 mm?®) simultaneously with the ZEM-3 setup (Ulvac-Riko) in the
temperature range 300 to 760 K. The uncertainty of the Seebeck coefficient and electrical
conductivity measurements is ~5%. The combined uncertainty for the experimental
determination of ZT is ~20%.1%%10 As described in Figure 2.4, a prism or cylindrical
sample is set in a vertical position between the upper and lower blocks in the heating
furnace. This measurement setup has two heating sources: a primary furnace that covers
the entire measurement assembly is used to heat the sample up to a specific temperature,
and the lower block contains a secondary heater used to create a set temperature gradient
across the sample under measuring. Electric resistance (R) is measured by the dc four-
terminal method, in which a constant current / is applied to both ends of the sample to
measure and determine voltage drop dJ between the same wires of the thermocouple by
subtracting the thermo-electromotive force between leads attached directly to the sample.
The resistivity is given by p = RA/L, where A is the end area of the sample, L is the
distance between two probe thermocouples. Seebeck coefficient is measured by
measuring the upper and lower temperatures 7/ and 72 with the thermocouples pressed

against the side of the sample, followed by measurement of thermal electromotive force
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2. Synthesis and characterization methods

dE between the same wires on one side of the thermocouple. The Seebeck coefficient is

AE
then calculated as: S = P Sprobe-

Heating furnace

\ Upper block

/—Vl | Thermocouple
St Sample temperature T]

Current  Sample

electrode @ — —

LI | I
/ dV,dE

Lower block

N

Temperature difference
setting heater

Constant

current
power supply

Sample temperature T2

Figure 2.4. Schematic of measurement setup in ZEM-3. This picture is adopted from the

instruction manual of ZEM-3 series.

2.6.2. Thermal conductivity

Thermal conductivity was calculated as x = dC,D, where d is the density obtained using
the mass and geometric volume of the specimen disk after SPS. Thermal diffusivity (D)
measurements were measured by the laser flash method using the Netzsch LFA 457
equipment (LFA). The heat capacity per atom (Cp) was estimated from the relation Cy/ks
= 3.07 + 0.00047(T — 300).'8! Lattice thermal conductivity (x1) was calculated by
subtracting the electronic part k. = LoT from the total conductivity. For binary Pb—Te and

ternary Pb—Eu-Te, the Lorenz number L = 2.44 x 10 W-Q-K"%. For other samples series,

the Lorenz number is evaluated by the equation: L = 1.5 + exp[— %], which is accurate

within 20% for PbTe.!6?
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3. Structural and thermoelectric properties of binary Pb—Te

system

Although as the first experimental part in this dissertation, the work of binary Pb—Te
system was done during or even after the studies of other ternary and quaternary systems,
in order to understand some basic behaviors occurring in polycrystalline bulk PbTe-based
thermoelectric materials. In this chapter, the structure and thermoelectric properties of
binary Pb—Te samples were investigated after various heat treatments using a single
crystal as a reference. Powder X-ray diffraction patterns reveal the strong anisotropy
reflection broadening in PbTe.”! It was proven that the strong anisotropy in PbTe comes
from the sample grinding process and could be removed by additional annealing. The
chemical composition and annealing temperature will strongly influence the TE

properties of the binary polycrystalline Pb-Te.

3.1. Introduction

As reported in Chapter 1, the structure and point defects of PbTe are still under

discussion.'01-102:108-109113 ©\feta]

semiconductor and p—n conduction transitions have
been reported in both single crystals®-3+86-8893 and polycrystalline PbTe.? %173 In 1950s—
1970s, lots of investigations based on single-crystal PbTe have been conducted. The
results reveal that the metal-semiconductor transition comes from extrinsic—intrinsic

conduction change®-%’

and the p—n conduction transition temperature increases with
increasing extrinsic charge carrier concentration for p-type PbTe.®* For intrinsic PbTe,
the electron mobility is much higher than the hole mobility at temperatures above 300 K,
and the mobility ratio increases to 2.5 above 400 K.®678¢ This is mainly attributed to the
heavy second valence band becoming dominant for the hole transport above 400 K and
causing a significant reduction of the average hole mobility.”! In this case, the Seebeck
coefficient will be negative when the conduction behavior is dominated by intrinsic
carriers.”8!: According to conditions of preparation and heat treatments, the electronic
properties of PbTe could be dramatically changed. Perfectly reversible electrical
conductivity results have be obtained up to 700 K, while long-term annealing at 400 K in

open air or increasing the measurement temperature up above 800 K will irreversibly

change the electrical conduction behavior of PbTe.36” The RT resistivity of Pb-excess
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3. Structural and thermoelectric properties of binary Pb—Te system

PbTe shows higher value when the ingot cooling rate is reduced, indicating that the Pb
solubility in PbTe decreases with decreasing temperature.'”* Since in 2011 Pei et. al.®’ re-
evaluated the TE properties of p-type PbTe:Na and obtained the maximum Z7T of 1.4,
dozens of high-ZT PbTe-based polycrystalline bulk materials were reported.*>48-52121-
129.134-135,142-152 However, there are few studies focusing on the phase stability and TE
properties reproducibility of polycrystalline bulk PbTe-based materials. As the base
material for various high-ZT thermoelectric material systems (Table 1.1), it is important
to further investigate the structure of the binary Pb—Te system and establish the chemical

composition and temperature effects on the structural and thermoelectric properties of

polycrystalline PbTe.

In this work, binary polycrystalline Pb—Te samples were investigated by PXRD,
SEM-EDS, and thermal analysis. Using a single crystal PbTe as a reference, the
thermoelectric properties of Pb—Te samples with different chemical compositions and

under different heat treatments were examined.

3.2. Experimental details

The polycrystalline samples Pbo.49Teo.51, PbosoTeo.so (sample A), and PbosiTeo49 (each
around 3.3 g) were synthesized in the graphite-coated fused quartz tube by melting the
elements at 1273 K for 6 h under a pressure of ~ 10 torr. It was then cooled down within
two hours to 873 K (far above the melting points of Pb and Te) and kept at this
temperature for six days for homogenization, and then, the samples were cooled down to
room temperature in 10 hours. Additional Pbo.soTeo.s0 (10 g) (sample B) was synthesized
by the same method to clarify the reproducibility of the synthesis process, in particular
with respect to their TE properties. The balance weighing error is + 0.00050 g, for the 3.3
g PbosoTeoso samples, the Te range could be 49.984 — 50.016 at.%; for the 10 g
Pbo.soTeo.so samples, the Te range could be 49.995 — 50.005 at.%. According to Figure
1.10, the composition could be beyond the solubility range, especially at the Pb-rich side.
The obtained ingots were ground into powders in an agate mortar under argon atmosphere,
and then spark-plasma sintered. The sample C PbosoTeo.so (10 g) was prepared by the
same method, but after the six days annealing at 873 K, the material was quenched in ice
water (as-cast) instead of slowly cooling, in order to examine the equilibrium state of

PbTe at 873 K. The high quality single crystal sample (sample D) was grown by Prof.
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3.2. Experimental details

Manfred Miihlberg through vertical Bridgman-Stockbarger method in 1980.'®* One @ =
8 mm disc with (111) surface and one bar with {100} side surfaces was cut from sample
D by Prof. Peter Gille. For some samples, the 673 K and 423 K (above and below the
metal-semiconductor transition temperature) annealing were conducted in sealed Ta tubes
in argon atmosphere. First, they were slowly heated to 673 K or 423 K and then kept there
for 128 hours, and after quenched in ice water. The 773 K annealing (at this temperature
PbTe starts to evaporate, see Figure 3.2d) was conducted directly in fused vacuum quartz
tubes for 24 hours and then quenched in ice water. The detailed experimental strategy of
this study is shown in Figure 3.1. All specimens numbers (No. n) correspond to the

specimens number listed in Table 3.1.

S S
: |
IC P‘l.\RD @
' ©
!

Cut, XRD
Annealed at 773 K, LFA r I \
24 h in vacuum TG /773 K—XRD
Cut, XRD, EDS, ICP —
LFA — 1 lpsc/1273K—XRD | Anncaled at  Annealed at
423K, 128 h 673 K, 128 h
37ZEM
Cut, XRD, EDS, ICP | nmealed
FDS, 2ZEM  XRD,EDS — “Mnealedar_
| Mall, XRp  “RD EDS, 2ZEM a3k, 1280 RD
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Figure 3.1. Schematic diagram of experimental processes for sample A, B, C, D.
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3. Structural and thermoelectric properties of binary Pb—Te system

3.3. Results and discussion
3.3.1. Phase analysis

In some previous publications, the equiatomic phase of the Pb—Te system was reported
to exhibit a homogeneity range.”>!%4-16 The PXRD patterns of our samples with different
Pb:Te ratios around the equiatomic composition (Figure 3.2a) show that all binary
samples have the same lattice parameters within the error bar. Moreover, only
stoichiometric sample A PbosoTeo 50 is single phase, while Pbo49Teo 51 contains elemental
Te, and Pbo.s1Teo.49 contains elemental Pb. The composition for sample A is 49.83 + (.20
at.% Pb and 50.17 + 0.20 at.% Te according to the chemical analysis (ICP). No other
elements (analyzed elements: Pb, Te, Si, O, C) were found. Compared to the reported
narrow homogeneity range of Pb-Te,’>’>1%® the ICP results cannot yield the

stoichiometric composition within the error bar.

The temperature dependence of the lattice parameter for sample A (No. 2) shows
linear behavior which can be described by the equation a(T) = 6.4206 + 1.4x10™* T (Figure
3.2b). The calculated linear thermal expansion coefficient at room temperature is 2.2 x
10 K!, which is in good agreement with literature values determined by capacitance
(2.04 x 10° K)'7 and X-ray diffraction (2.01 x 107 K1).!” DSC measurement on
sample A (No. 2) reveal only one exothermic peak at 1180 K (Figure 3.2¢), marking the
melting point of PbTe, which is well in agreement with the phase diagram (1197 K).”
According to thermogravimetric (TG) analysis, PbTe (No. 2) loses about 0.9 mass% after
12 hours at 773 K in an open graphite crucible under argon atmosphere (Figure 3.2d).

Similar behavior was observed in other studies.'®*'® However, thermal analysis did not

suggest a structural transformation (Figures 3.2b, 3.2¢).
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Figure 3.2. (a) X-ray powder diffraction patterns of PbososrT€050+x samples. (b) Temperature-
dependent lattice parameter of sample A: S + L (No. 2). (¢) DSC measurement of sample A: S +
L (No. 2). (d) Thermogravimetric experiment of sample A: S + L (No. 2).

To understand the reason of this mass loss, the SPS-prepared sample A (No. 4) was
further annealed in vacuum at 773 K for 24 hours. Many voids appeared near the grain
boundaries after annealing compared to the sample before annealing (Figures 3.3a, 3.3b).
The chemical analysis shows 49.76 + 0.10 at.% Pb, indicating that the Pb:Te ratio did not
change after annealing. The lattice parameter (6.4613(2) (A), Table 3.1) also did not
change. Similar but fewer and smaller voids were also observed in the 673 K annealed
sample (No. 9). According to the reported vapor pressure of Pb, Te, and PbTe at 773
K,!7%17! the easiest evaporated material is Te, then PbTe, and finally Pb. Since no
structural and compositional changes were observed (Figures 3.2b, 3.2¢), the lost mass

could be caused by PbTe evaporation from the grain boundaries.
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3. Structural and thermoelectric properties of binary Pb—Te system

00 pm

Figure 3.3. (a) Microstructure (polarized light image) of the sample A: S + L (No. 2). (b)
Microstructure (polarized light images) of the sample A: S + A773K (No. 4).
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3.3. Results and discussion

Table 3.1. Lattice parameter (LP) and the corresponding resistivity and Seebeck data figures for

all specimens of this chapter. Abbreviation: S-after SPS, nZ-after n cycles ZEM measurements,

AxxxK-after annealing at xxx K temperature, L-after LFA measurement). No. n is used for

marking each specimen appeared in the text. Samples A, B, C, D have nominal composition

Pbo.soTeo.s0.
No. n Specimens a(A) Resistivity | Seebeck
1 A: as-cast 6.4611(3) — —
2 A:S+L 6.4612(2) Fig.3.8a | Fig.3.9a
3 A:S+L+Z — Fig.3.8a | Fig.3.9a
4 A: S+ A773K 6.4613(2) — —
5 B: S 6.4616(2) Fig. 3.8b | Fig. 3.9b
6 B:S+27 6.4616(2) Fig. 3.8b | Fig.3.9b
7 B: S+ A423K 6.4617(2) Fig. 3.13b | Fig. 3.14b
8 B: S + A423K +2Z 6.4613(2) Fig. 3.13b | Fig. 3.14b
9 B: S+ A673K 6.4609(2) Fig. 3.13¢ | Fig. 3.14c
10 B: S+ A673K + A423K 6.4617(2) — —
11 B: S+ A673K + 3Z + A423K — Fig. 3.13d | Fig. 3.14d
12 B: S+ A673K +3Z + A423K + 3Z 6.4615(2) Fig. 3.13d | Fig. 3.14d
13 C: as-cast 6.4614(2) — —
14 C: as-cast + 3Z — — —
15 C:as-cast+ S 6.4616(2) Fig. 3.8¢ | Fig.3.9¢
16 C:as-cast+ S +2Z — Fig. 3.8¢c | Fig.3.9¢c
17 D: SC(100) 6.4612(2) — —
18 D: SC(100) + 5Z — — —
19 D: SC(111) — — —
20 D: SC(111)+L — Fig.3.8d | Fig.3.9d
21 D: SC(111)+L+Z 6.4613(2) Fig.3.8d | Fig. 3.9d
22 D: SC(111)+L +Z+ A673K — Fig. 3.16a | Fig. 3.16b
23 Pbo.49Teos1: as-cast 6.4611(2) (with Te phase) — —
24 Pbo.aoTeos1: S 6.4613(2) (with Te phase) | Fig.3.11a | Fig. 3.11b
25 PbooTeos1: S+ 27 6.4616(2) (with Te phase) | Fig.3.11a | Fig. 3.11b
26 Pbo.siTeo49: as-cast 6.4611(2) (with Pb phase) — —
6.4614(2) (with Pb and . .
27 Pbo.siTeoa9: S Fig. 3.12a | Fig. 3.12b
PbO; phases)
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Figure 3.4. Full widths at half maximum (FWHM) of the X-ray powder diffraction reflections of

sample A: S+ L (No. 2) (a) as a function of the diffraction angle at selected temperatures, and (b)

as a function of temperature at selected reflections.
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3.3. Results and discussion

The full widths at half maximum (FWHM) of high temperature synchrotron powder
XRD pattern of sample A (No. 2) are shown in Figure 3.4. Unusual anisotropic peak
broadening (Figure 3.4a) was observed below 473 K, similar to all other PbTe-based
materials in our study. Looking at a few peaks with characteristic crystallographic
directions, it is clear that the {400} peaks show much lower FWHM in comparison to the
{hk0} and {hhh} ones for temperatures below 600 K during the heating measurements
(Figure 3.4b). The anisotropy is strongly reduced in the temperature range between 473
K and 573 K and is practically non-existent above 573 K (Figure 3.4a). Moreover, the
overall reflection broadening reduces with the increasing temperature. The anisotropy

does not exist in the cooling data, all peaks have similar and small values of FWHM.

Two SPS-prepared specimens from sample B were annealed at 423 K (the anisotropy
is still present, No. 7) and at 673 K (the anisotropy disappears, No. 9), respectively.
Dilatometric measurements for both two specimens do not reveal any special effects. The
thermal expansion shows liner behavior, both specimens have a linear thermal expansion
coefficient of 1.3 x 10 K'! (Figure 3.5a), which is slightly smaller compared to the value
obtained from high-temperature X-ray diffraction (2.2 x 10 K'!, cf. Figure 3.2b). The
cyclic measurements of specific heat for the single-crystalline sample D (No. 20) also do

not reveal any phase transitions. (Figure 3.5b).
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9). (b) Cyclic measurements of specific heat for sample D: SC(111) + L (No. 20).
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Figure 3.6. Full width at half maximum (FWHM) of powder XRD patterns from the sample B at

different states.

The XRD analysis shows that all bulk specimens with or without additional annealing
have the same anisotropy of the reflection broadening (Figure 3.6). However, for the
annealed powder specimens (both for 423 K or 673 K annealing), the anisotropy
disappears. If the annealed powders were ground and measured again, the anisotropy re-
appears (Figure 3.6). Therefore, the strong anisotropy of peaks broadening comes from
the mechanical stress during powder grinding and can be removed by annealing. In
addition, the grinding process does not change the lattice parameter. Iversen et al.''?
explain that the observed anisotropic peak broadening is due to anisotropic microstrain
and high concentrations of Pb vacancies in PbTe lattice. The annealing treatment could
remove the strain and lattice defects in materials.” This effect has been also reflected

from electronic properties (cf. discussion in chapter 3.3.3).
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3. Structural and thermoelectric properties of binary Pb—Te system

3.3.2. Thermoelectric properties of polycrystalline Pb—Te materials with different

compositions

The electric transport properties of the sample A after SPS and LFA (No. 2), sample B
after SPS (No. 5), sample C after SPS (No. 15), and sample D: SC(111) after LFA (No.
20) are presented in Figure 3.7 and Figure 3.8. All four specimens show similar metal—
semiconductor and p—n transitions, which agree with published data for both single and
polycrystalline materials (Figure 3.9).5%-8436¢-93 The consistent electric behavior of samples
A, B, and C show good reproducibility with the binary nominal stoichiometric PbTe
specimens used here. The resistivity (p) first increases with temperature, and then starts
to decrease above temperature around 500 K (Figure 3.7). Moreover, without the LFA
heat treatment, the transition temperature of samples B (No. 5) and C (No. 15) decreases
after the first heating and becomes stable in the further cyclic measurements (Figure 3.7b,
3.7c). The Seebeck coefficient (S) rises with increasing temperature. With further
increasing temperature, S decreases rapidly through zero to negative values (Figure 3.8).
The thermal conductivity of both polycrystalline (No. 2) and single crystal PbTe (No. 19)
shows almost identical values. The thermal conductivity decreases from ~2.0 W m™ K'!

at RT to ~1.4 W m! K! at 673 K of the LFA measurement temperature (Figure 3.10).
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Figure 3.7. Cyclic measurements of electrical resistivity of (a) sample A: S+ L (No. 2), (b) sample
B: S (No. 5), (c) sample C: as-cast + S (No. 15), (d) sample D: SC(111) + L (No. 20).
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Figure 3.9. Part of literature data of PbTe for electrical resistivity (a) and Seebeck coefficient (b),

which show metal-semiconductor and p—n transitions.
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Figure 3.10. Thermal conductivity of (a) sample A: S + L (No. 2), (b) sample D: SC(111) (No.
19).

The electric properties of the two samples far out of homogeneity range Te-rich
Pbo.49Teo.s1 and Pb-rich PbosiTeo49 were also investigated. For the Pbo.49Teo.s1 (No. 24)
sample, the electric properties are the same compared to Pbo.soTeoso (Figure 3.11). The
excess Te does not ensure p-type conduction for the whole temperature range, even after
long-term annealing at 673 K. This indicates that the electrical conduction behavior of
binary Pb—Te will always be dominated by the intrinsic conduction (semiconductor
conduction and negative Seebeck coefficient) at the high temperature range (600 K — 673
K),¥°! which is truth according to all our investigated binary Pb—Te specimens. The
PbosiTeos9 (No. 27) sample, containing free Pb metal shows a higher p and a positive S
at room temperature in the first heating cycle (Figure 3.12). With further cyclic
measurements, S changes the sign at room temperature, while p shows a semiconductor
behavior for the whole temperature range. Then decreases and shows the transition again

but with a much lower transition temperature (Figure 3.12).

As discussed in chapter 1, it is well-documented that p-type carriers in binary PbTe
are caused by Pb vacancies (Vpy), n-type carriers are provided by either Te vacancies (Vre)
or Pb interstitial ions (Pb;), or both.®***8 For the PbosiTep49 (No. 27) sample, just after

SPS it is p-type conductor with hole charge carriers, which corresponds to Pb vacancies.
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3.3. Results and discussion

During the cyclic ZEM measurements, the hole carriers dominate the conduction at first
cycle and then turn to intrinsic behavior (2nd and 3rd cycles, Figure 3.12a), and finally
becomes an electron conductor (4th cycle, n-type, Figure 3.12b). A possible explanation
is that the thermal treatment during the ZEM measurement may gradually reduce the
number of Vp, and then increase Vte or Pbi. Moreover, the cooling data of the cyclic
measurements in the Pbo.s1Teo.49 always coincide with the subsequent heating data (Figure
3.12), which indicates that the changes are happening only during heating at high
temperature. The highest measurement temperature is 673 K, the corresponding thermal
excitation energy kg7 (ks is the Boltzmann constant) at this temperature is 0.06 eV, which
is very close to the reported formation energy of Pb interstitial ions (0.09 eV).!%° Since

9598 the ZEM measurement could

Pb are diffused via interstitials and vacancies in PbTe,
provide a temperature gradient and enough thermal excitation energy at 673 K during the
measuring. Thus, the changing of cyclic ZEM measurements could be caused by Pb
diffusion. There are two possible mechanisms that can reduce the hole carriers: Pb; / Pb
reacts with Vpy, (PbisTe + 0Pb; / 0Pb— PbTe); Pb diffuses out from certain areas via a Pb
vacancy mechanism to form Te precipitations, so called Pb vacancy agglomeration (Pb;-
sTe — (1-0)PbTe + dTe). For the Pbo.s1Teo49 sample, the Pb source can result from the
excess Pb, changing the material gradually into n-type conduction during the ZEM

measurements.
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PbosiTeo40: S (No. 27).

3.3.3. Heat treatments effect on thermoelectric properties of PbTe

As discussed above, mechanical ground powder PbTe specimens show structure changes
during the heat treatment (Figure 3.4). In order to understand how heat treatments
influence the TE properties of polycrystalline PbTe, three bars were cut from the after-
SPS sample B: one for ZEM measurement (No. 5), one for annealing at 423 K (below the

transition temperature, No. 7), and one for annealing at 673 K (above the transition
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3. Structural and thermoelectric properties of binary Pb—Te system

temperature, No. 9). The bars were weighed before and after annealing, indicating that
there was no mass loss. After 423 K annealing (No. 7), the cyclic measurements of p and
S show same behavior as before annealing (Figures 3.13a, 3.13b; Figures 3.14a, 3.14b).
The hole carrier concentrations after ZEM measurements are almost the same (6.6 x 10!7
cm™ and 7.3 x 10'7 cm™ respectively, see Table 3.2). After the 673 K annealing (No. 9),
the electronic properties change completely. The first heating shows higher p with much
lower transition temperature, S is still positive at RT. The further cycles change the
material gradually to be n-type and towards intrinsic semiconductor conduction (Figures
3.13c¢, 3.14c). After three ZEM cycles, this specimen was annealed again but at 423 K
(No. 11) in order to examine whether the previous state at 423 K would return. It becomes
p-type with lower p and higher S at RT of the first heating compared to the first heating
data of Figure 3.13c and Figure 3.14c. It proves that sample B changes at different
temperature. Further cyclic ZEM measurements gradually make the material become »n-

type and intrinsic semiconductor (Figures 3.13d, 3.14d).
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Figure 3.13. Cyclic measurements of resistivity on sample B: (a) S (No. 5), (b) S + A423K (No.
7), (c¢) S+ A673K (No. 9), and (d) S + A673K + 3Z + A423K (No. 11).
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Figure 3.14. Cyclic measurements of Seebeck coefficient of sample B: (a) S (No. 5), (b) S +
A423K (No. 7), (c) S+ A673K (No. 9), and (d) S + A673K + 3Z + A423K (No. 11).

The high-resolution element mapping reveals that sample B after SPS (No. 5)

contains some Te-rich phases of micro-scale size (Figure 3.15a). However, after

annealing at 673 K (No. 9), those Te-rich phases disappear (Figure 3.15b). Dilatometer

tests indicate that the annealing treatment does not change the crystal structure of PbTe

(Figure 3.5a), thus the change must happen on the atomic level. According to the diffusion

mechanism in PbTe, it is reasonable to assume that Pb reacts with Te to form PbTe during

the 673 K annealing. The Pb source could come from Pb interstitial ions in the lattice or

Pb precipitates in grain boundaries or dislocations. While for the PbTe single crystal, the

same 673 K annealing (No. 22) does not change the electronic properties (Figure 3.16).

Without grain boundaries, the single crystal needs much more time or higher temperature

for the diffusion process to take place.
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47



3. Structural and thermoelectric properties of binary Pb—Te system

Figure 3.15. Element mapping of sample B: (a) after S (No. 5), (b) after S + A673K (No. 9).
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Figure 3.16. Cyclic measurements of resistivity (a) and Seebeck coefficient (b) of sample D:

SC(111) + L + Z + A673K (No. 22).

The as-cast sample C (No. 13) has the highest amount of charge carriers (73.6 x 107

cm™). This value is in good agreement with the phase diagram (~ 10! cm™, Figure. 1.10b).

However, the number of the charge carries is reduced by an order of magnitude after

additional heat treatments (Table 3.2, samples No. 13-16). The same electric properties

49



3. Structural and thermoelectric properties of binary Pb—Te system

are seen for the sample C: as-cast + S + 2Z (No. 16) during the cyclic measurements.
According to the phase diagram of Pb—Te, the congruent melting point does not coincide

with the stoichiometric line, but differs by a Te excess of 0.016 at.%.3%:103.163

If the sample
is prepared by melting, this excess Te would result in a high value of hole carrier
concentration. It should be noted that lattice parameter for all specimens does not change

during various treatments (Table 3.2).

Table 3.2. RT electronic properties of samples A, B, C, D, (abbreviation: S-after SPS, nZ-after n

cycles ZEM measurements, AxxxK-after annealing at xxx K temperature, L-after LFA

measurement).
n 7 Metal-semi TraIr)lgintion
No.n | Specimens a(A) (x10"7 cm?) (cm? - V1 - 57) temperature temperature P S
3 AS+L+Z — 6.3 386 480 530 Fig.3.8a | Fig. 3.9a
6 | B:S+2Z 6.4616(2) 6.6 486 480 520 Fig. 3.8b | Fig.3.9b
8 is; A4IK 6 46132) 73 471 480 520 Fig. 3.13b | Fig. 3.14b
B:S + A673K micondu
12 | +3Z+A423K | 6.4615Q2) 4.9 52 s¢ ci(‘)’r v n-type Fig. 3.13d | Fig. 3.14d
+3Z
13 | C:as-cast 6.4614(1) 73.6 112 540 565 — —
14 g;s‘cm - — 9.5 676 500 535 - —
15 C: as-cast + S 6.4616(2) 18.9 495 535 565 Fig. 3.8¢ Fig. 3.9¢
16 Szzazs'ca“ S - 8.1 307 485 525 Fig.3.8c | Fig 3.9¢
17 | D: SC(100) 6.4612(2) 225 331 535 565 — —
18 ]532 SC(100) + — 10.4 800 500 540 — —
21 E ;s;:a I+ 1 6461302) 10.8 704 500 540 Fig. 3.8d | Fig.3.9d

To summarize, the samples are moving towards equilibrium under the heat treatments.
Polycrystalline samples after SPS and measurements (No. 3, 6, 8, 16) have similar values
of the hole carrier concentration ranging from 6.3 to 8.1 x 10! cm™ (Table 3.2). Higher
hole carrier concentrations will result in higher transition temperatures (Table 3.2). For
the Hall carrier mobility, the single crystal has the highest values (No. 17, 18, 21), which
indicates a good quality of crystallization. Due to a large number of grain boundaries
and/or dislocations, polycrystalline samples have smaller Hall mobility values, from 307
cm? - V15110676 cm? - V' - 571, The n-type Sample B: S + A673K + 3Z + A423K +
3Z (No. 12) which shows the intrinsic semiconductor behavior (bipolar transport), the
measured Hall carrier concentration and Hall carrier mobility could not reveal physically

correct values.
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3.4. Conclusions

Compare to the extensive investigations on single-crystal PbTe, there are less studies
focusing on the binary polycrystalline PbTe. However, all recently reported high-ZT
PbTe-based materials are polycrystalline bulk materials. With a single-crystal PbTe as a
reference, the structural and thermoelectric properties of the polycrystalline bulk Pb—Te
samples with different chemical compositions and heat treatments were systematically

examined in this work.

It was found that the powder grinding process causes the observed anisotropic
powder XRD-reflection broadening in PbTe, but without changing the lattice parameter.
This mechanical effect on the lattice anisotropy could be healed by annealing. It suggests
that an additional annealing treatment may be needed for the PbTe powder particles

before sintering.

Compare to stoichiometric Pbo.s0Teo 50, additional Te in the SPS-prepared Pbo.49Teo 51
sample has no obvious influence on the TE properties during the cyclic measurements;
additional Pb in the SPS-prepared PbosiTeo49 sample results in unstable electronic
properties, gradually changing from p-type into n-type conduction under the cyclic

measurements.

Different annealing temperatures have different influence on TE properties of the
SPS-prepared stoichiometric PbosoTeos0 sample. For the 423 K annealing, where the
lattice anisotropy still exists, there is no obvious change of TE properties. For the 673 K
annealing, where the lattice anisotropy disappears, the sample undergoes a chemical
change and shows almost “intrinsic” TE properties. However, the single crystal PbTe has

no obvious change during the 673 K annealing.

Vro, Pbi, Pb precipitates, and Te precipitates may exist in SPS-prepared
stoichiometric PbTe. ZEM measurement will provide a temperature gradient and enough
thermal excitation energy for Pb diffusion at 673 K during the measurement (especially
on grain boundaries and dislocations). The complex diffusion processes in PbTe including
processes at grain boundaries and/or under contribution of dislocations provide dynamic
chemical reactions during the measurements and the annealing, which should be

responsible for variable electric properties in polycrystalline PbTe.
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Two series of polycrystalline samples (PbTe)i.x(EuTe), and (PbTe)i,(EuTe:s), were
systematically investigated. The Eu solubility limit for different substitution schemes and
for different annealing temperatures was established. No significant influence of Eu
substitution on the thermoelectric figure-of-merit was observed in bulk stoichiometric

PbTe.”!

4.1. Introduction

All lanthanide (Y, La—Lu) monotellurides adopt the NaCl structure type.!’*!17> Almost all
of them are trivalent metals and are electron donors in PbTe.?>'*” However, in
monotellurides, Eu, Sm, Yb and Tm are divalent and therefore, are expected to be
electrically balanced in the solid solution with PbTe. However, this was proven to be the
case only for Eu and Sm.!7®177 Substitution by Eu has been shown to have significant
influence on the band structure of PbTe.!”®!” Largely enhanced thermoelectric figure-
of-merit at room temperature (RT) have been theoretically predicted for quantum well
Pbi.«EuTe layers and confirmed experimentally for thin films.’”!18-182 Samples of the
pseudo-binary system PbTe-Eu,Te; with low concentration (less than 5.0 mol%) of
Eu,Te; showed (with increasing Eu content) a decrease of the thermal conductivity
combined with the opposite tendency in the electrical conductivity and Seebeck
coefficient (maximum Seebeck coefficient of 315 mV K™! and minimum conductivity of
22.5 %10 S m™ at 1.0 mol% of EusTes, with all properties were measured at RT).!%* The
compounds PbTe and EuTe both crystallize in the NaCl structure type, and it is commonly
assumed that (PbTe)i..(EuTe). forms a solid solution over the entire concentration range.
However, the lattice parameter increases nonlinearly and does not obey Vegard’s
rule.! 7818418 According to the phase diagram of the Eu-Te system,'8” the equiatomic
phase has a homogeneity range between 50 and 57 at.% of Te under 873 K and 1173 K

annealing temperatures. This may indicate a presence of europium in the 4/ (Eu®") state.

In order to investigate how these possibilities influence the thermoelectric properties
of PbTe, we report on the constitution as well as on the thermoelectric and the carrier-
transport properties of polycrystalline solid solutions (PbTe)i.«(EuTe), and (PbTe);-
y(EuTey.s), in the temperature range between RT and 700 K.
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4.2. Experimental details

Binary samples Eui,Te: (x = 0.44, 0.50, 0.52, 0.55, 0.57, 0.60, 0.62, 0.64) were
synthesized by melting the elements Te (chunk, 99.9999 mass%), Eu (chunk, 99.95
mass%) in a graphite-coated and fused silica tube at 1373 K for 6 h under a pressure of
around 107 torr, then annealed at 1123 K for 300 hours for homogenization, and slowly
cooled to RT in 12 hours. The obtained ingots were ground into powders in an agate
mortar in argon atmosphere. Part of powders were sealed in Ta tube under argon
atmosphere in fused silica tube for further annealing process of 360 hours at 873 K. The

tubes were then quenched in ice water.

For the ternary Pb—Eu-Te system, two synthesis processes with different annealing

temperatures have been realized:

Annealing at 873 K: Ternary samples (PbTe)i.«(EuTe), (x = 0.005, 0.010, 0.015,
0.02,0.03, 0.04, 0.05,0.07, 0.10) and (PbTe)1.,(EuTei 5), (»=0.01, 0.02, 0.03, 0.04, 0.05,
0.07, 0.10) were synthesized by melting the elements Pb (shot, 99.999 mass%), Te (chunk,
99.9999 mass%), Eu (chunk, 99.95 mass%) in a graphite-coated and fused silica tube at
1273 K for 6 h under a pressure of around 10 torr, then annealed at 873 K for 144 hours
for homogenization, slowly cooled to RT in 6 hours. The obtained ingots were ground

into powders in an agate mortar in argon atmosphere.

Annealing at 1123 K: Ternary samples (PbTe)1..(EuTe). (x = 0.03, 0.04, 0.05, 0.07,
0.10, 0.15, 0.20, 0.50, 0.80) and (PbTe)1(EuTe1 5), (v =0.02, 0.03, 0.04, 0.07, 0.08, 0.10,
0.15,0.20, 0.50, 0.80) were synthesized by melting the elements Pb (shot, 99.999 mass%),
Te (chunk, 99.9999 mass%), Eu (chunk, 99.95 mass%) in a graphite-coated and fused
silica tube at 1273 K for 6 h under a pressure of around 10 torr, then annealed at 1123
K for 300 hours for homogenization, slowly cooled to RT in 12 hours. The obtained ingots

were ground into powders in an agate mortar in argon atmosphere.

For thermoelectric properties measurements, the selected samples were sintered by

SPS and measured with LFA and ZEM.
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4.3. Results and discussion
4.3.1. Phase analysis

The shape of the solid solution of Eu in PbTe is defined by the following lines in the
ternary Pb—Eu-Te phase diagram (Figure 4.1). The Eu substitution follows either the
(PbTe)1x(EuTe), scheme (blue dash line in Figure 4.1) or (PbTe)i.(EuTei 5), (green dash
line in Figure 4.1). Binary Eu—Te samples (Eu;.xTex) in range between 44 and 64 at.% Te
(red dash line in Figure 4.1) were synthesized to verify the solid solubility range (orange
solid line, cf. Ref. 187). Only Euo.s6Teo.44 shows a nearly single phase (with small amount
of impurities) for the as-cast samples. After annealing for 360 hours at 873 K, the
EuosoTeoso sample is single phase; other Eu-Te samples contain some additional
unindexed reflections. The obtained lattice parameter value fits well in the range between
6.586 A and 6.603 A reported in the literature.!®® As shown in Figure 4.2, the lattice
parameter of EujTe, (for x = 0.50, 6.6010(4) A) shows a small variation depending on
the Te concentration. The lattice parameter of the as-cast specimens is slightly larger in
comparison with the specimens annealed at 873 K, most probably due to the not
completely equilibrium state. From the lattice parameter, the large homogeneity range of

Eu-Te as reported in Ref. 187, was not confirmed at 8§73 K.

Te

(PbTe)w,(EuTews)s §

(PbTe)i(EuTe)s N

\
\
\
\

Pb Eu

Figure 4.1. Location of the solid solution of Eu in the phase diagram Pb—Eu-Te.
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Figure 4.2. Lattice parameters of Eu;.,Te; as cast (black), annealed at 873 K (red).

The samples (PbTe)i«(EuTe): (x = 0 — 1.0) and (PbTe)1(EuTeis), (y =0 — 1.0)
were synthesized with additional annealing at 873 K and at 1123 K. As presented in
Figure 4.3a, the lattice parameter of the (PbTe)i..(EuTe), annealed at 873 K changes
linearly with the composition for x < 0.02, and then remains constant (Figure 4.3a, green
squares). Therefore, the Eu solubility in (PbTe)i..(EuTe), at 873 K is determined as x =
0.02. The samples with x > 0.03 contain reflections of two cubic phases (with NaCl
structure): Pb-rich (PbTe).«(EuTe), and Eu-rich (EuTe):..(PbTe). (Table 4.1, for example,
two cubic phases were identified in sample x = 0.07, 0.10, Figure 4.4). The change of the
lattice parameter within the two phases range indicates that the samples are still not in
equilibrium state. For samples (PbTe):.,(EuTe1 s5), annealed at 873 K, only sample with y
= 0.01 1s single-phase material; others contain elemental Te or tiny unknown phase or
second cubic phase (Table 4.2). Thus, the Eu solubility in (PbTe);.(EuTe1.s), at 873 K is
y=0.01 (Figures 4.3a, 4.3c).
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Figure 4.3. (a) Lattice parameters of (PbTe):.«(EuTe). (green squares) and (PbTe):.(EuTes),
(blue triangles) annealed at 873 K. (b) Lattice parameters of (PbTe)..(EuTe), (green squares) and
(PbTe)i(EuTe: s), (blue triangles) annealed at 1123 K. (c) Synthesized samples and the location
of the solid solution of Eu (inset, red square area) in the phase diagram Pb—Eu—Te at 873 K. (d)
Synthesized samples and the location of the solid solution of Eu (inset, red square area) in the

phase diagram Pb—Eu-Te at 1123 K.

When the annealing temperature is increased up to 1123 K, (PbTe)i.(EuTe), is a
solid solution over the entire concentration range (Figure 4.3b, green squares, and Table
4.2). This finding is consistent with Ref. 185. There the samples were prepared by heating
components in arc-welded tantalum crucibles at 1223 K for seven days. The (PbTe);-
y(EuTey s), samples with y < 0.03 are single-phase materials (Figure 4.3d); samples with
0.04 <y < 0.20 contain elemental Te; samples with y = 0.50 and 0.80 are multiphase

materials (Table 4.1). However, the lattice parameter of main cubic phase increases with
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4. Europium substitution in PbTe

increasing Eu. When x (or y) > 0.15, the lattice parameter of (PbTe)i.,(EuTe s), is higher

than the lattice parameter of (PbTe).«(EuTe). (Figure 4.3b, blue triangles). Therefore, the

solubility and solid solution region of Eu in PbTe are larger when temperature up to 1123

K (Figure 4.3d). According to the effective magnetic moment per Eu atom calculated

from magnetic susceptibility, Eu in (PbTe)i-«(EuTe)x is always Eu?*, while part of Eu

atoms show the Eu’* state in (PbTe)i.,(EuTei s),. More details about Eu oxidation state in

PbTe will be discussed in Chapter 6.

Table 4.1. Phase analysis of the samples (PbTe):.«(EuTe), and (PbTe):.,(EuTe: s), annealed at 873

Kand 1123 K.
Composition 873 K, 1123 K, Composition 873 K, 1123 K,
(PbTe)i«(EuTe), Phase(s) Phase(s) (PbTe)1.(EuTey.s), Phase(s) Phase(s)
x=0.005 single phase — — — —
x=0.010 single phase — y=0.01 single phase —
x=0.015 single phase — — — —
x=10.02 single phase — y=0.02 Te single phase
. tiny
two cubic ) )
x=10.03 single phase y=0.03 unknown single phase
phases
phase
tiny
two cubic )
x=10.04 single phase y=0.04 unknown Te
phases
phase
two cubic
x=0.05 single phase y=0.05 Te Te
phases
two cubic Te, two
x=10.07 single phase y=0.07 ) Te
phases cubic phases
two cubic ) Te, two
x=0.10 single phase y=0.10 ) Te
phases cubic phases
x=0.15 — single phase y=0.15 — Te
x=10.20 — single phase y=0.20 — Te
x=10.50 — single phase y=0.50 — multi-phases
x=0.80 — single phase y=0.80 — multi-phases
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Figure 4.4. (a) X-ray powder diffraction patterns for (PbTe)oos(EuTe)o> samples (black line,

single phase), (PbTe)o.90(EuTe)o.10 (red line, two cubic phases) , (PbTe)o.oo(EuTei.5)o.10 (green line,

Te phase and two cubic phases) annealed at 873 K; and samples (PbTe)oo0(EuTe)o.10 (blue line,

single phase), (PbTe)o.00(EuTe) 5)0.10 (orange line, Te phase and one cubic phase) annealed at 1123

K. (b) The enlargement of the high-26 range.
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4.3.2. Thermoelectric properties

The samples annealed at 873 K have been SPS-sintered for the thermoelectric properties
investigation. The electrical resistivity of samples (PbTe)i.(EuTe). shows a bad-metal
behavior in the low-temperature range below 500 K, and then changes to semiconducting
one at higher temperatures (Figure 4.5a), similarly to the binary PbTe %4878 The
Seebeck coefficient changes sign at slightly higher temperature (around 550 K) compared
to binary PbTe, indicating a p-n transition (Figure 4.5b). The thermal conductivity
decreases with temperature below the p-n transition and remains practically unchanged
above the p-n transition (Figure 4.5¢). With increasing europium content, the resistivity
first decreases to x = 0.01 and then increases toward x = 0.04 (Figure 4.5a); the Seebeck
coefficient practically does not change (Figure 4.5b); the total and lattice thermal
conductivity decrease (Figures 4.5¢, 4.5d). The Eu content of samples (PbTe).«(EuTe)x
(x £0.04) does not have systematic influence on Hall carrier concentration, but the Hall

carrier mobility decreases with increasing Eu content (Table 4.2).
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Figure 4.5. Temperature dependent thermoelectric properties of (PbTe):..(EuTe), annealed at 873
K: electrical resistivity (a), Seebeck coefficient (b), total thermal conductivity (c), lattice thermal

conductivity (d).
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Table 4.2. Room temperature Hall carrier concentration (n) and Hall carrier mobility (¢) of

(PbTe)i«(EuTe), annealed at 873 K.

X = X = X = X =
(PbTe);(EuTe), | x=0 x=0.010 x=0.020
0.005 0.015 0.030 0.040
n (<107 cm?) 6.3 8.4 12.6 8.0 11.2 6.2 3.9
i (em? - VT s 386 464 378 380 282 342 279

The resistivity of (PbTe)i.,(EuTei s5), samples increases with increasing Eu content
until y = 0.07 (Figure 4.6a). The unexpected results of the y = 0.10 sample maybe due to
the presence of two cubic phases. The Seebeck coefficient changes slightly with y at RT
(Figure 4.6b, inserts). The total and lattice thermal conductivity increase with increasing
Eu content (Figures 4.6c, 4.6d), which can be attributed to enhanced phonon scattering
by increased point defects and impurity phase when introducing more Eu. In both series,
Eu addition does increase the resistivity and decrease the thermal conductivity, but

without obvious influence on Seebeck coefficient.
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Figure 4.6. Temperature dependent thermoelectric properties of (PbTe)i,,(EuTe;s), annealed at
873 K: electrical resistivity (a), Seebeck coefficient (b), total thermal conductivity (c), lattice
thermal conductivity (d).

The values of the thermoelectric figure-of-merit Z7 for both series samples are in the
same range (Figure 4.7) and have maximal values at room temperature. Overall, lead-by-
europium substitution does not strongly influence the thermoelectric ability of
stoichiometric lead telluride. For cyclic measurements, the electrical resistivity and
Seebeck coefficient are well repeatable for several cycles (Figure 4.8). This indicates that

the materials annealed at 873 K are stable.
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Figure 4.7. Temperature dependence of the thermoelectric figure-of-merit Z7 for (a) (PbTe):-
«(EuTe), and (b) (PbTe):.,(EuTe s), annealed at 873 K.
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Figure 4.8. Cyclic measurements of thermoelectric properties of (PbTe);.«(EuTe), annealed at 873

K (a, b) x=0.02 and (c, d) x = 0.04.

It is commonly believed that Eu has strong influence on electronic band structure of

PbTe, as well documented in single-crystal Pbi.Eu,Te films.!”®!8¢ Although the

resistivity increases and the thermal conductivity decreases with increasing Eu content,

no significant influence of these two different Eu substitution schemes on the

thermoelectric figure-of-merit was observed in bulk PbTe annealed at 873 K. We

examined also the single-phase samples (PbTe)i.«(EuTe), (x = 0.03, 0.10, 0.15) which

were annealed at 1123 K. As shown in Figure 4.9, resistivity has been increased and

shows a semiconductor behavior for the whole temperature range for x = 0.10 and 0.15.

The p-n transition still exists but the Seebeck coefficient changes the sign twice, a p-n-p

transition behavior is observed for x = 0.15 (Figure 4.9b). The total and lattice thermal

conductivities decrease with increasing Eu and increasing temperature (Figures 4.9c,

4.9d). For a semiconductor, the intrinsic electric conductivity (o) can be expressed as a
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function of the activation energy (E,) and temperature (7): o = g, - exp(—E,/2kgT).
The “thermal activation energy” of (PbTe)ix(EuTe)x (x = 0.03, 0.10, 0.15) samples is
calculated from the measured resistivity. The “thermal activation energy” increases with
increasing Eu content (Figure 4.10), which indicates that the Eu enlarges the band gap of
PbTe, consistent with Ref. 178. However, the “thermal activation energy” of x = 0.15
sample has a sharp turn around 500 K, which may indicate that the sample has changed
during the measurement. The cyclic electric measurements of single-phase samples with
x =0.03, 0.10 show stable properties. While for the sample x = 0.15, the resistivity is
decreasing and the Seebeck coefficient is increasing during each cycle. After the first
heating, the Seebeck coefficient becomes p-type for the whole temperature range (Figure
4.11b). The x = 0.15 sample shows broader peaks at high PXRD reflection angles after
three cycles of ZEM measurements (Figure 4.12, red line). The single-phase bulk x =0.15
sample was further annealed at 873 K for 900 hours. It decomposed into two cubic phases,
the corresponding lattice parameter changed from 6.4853(3) A into 6.4616(3) A and
6.4895(3) A (Figure 4.12, blue line). Similar decomposition behavior was reported in
(PbTe)1«(EuTe), thin films for x = 0.5.'%° To summarize, the high Eu content single-phase
sample (PbTe)oss(EuTe)o.;s annealed at 1123 K has larger band gap and shows
completely semiconductor behavior. With additional heat treatment at lower temperature
(ZEM measurements at 673 K or annealing at 873 K), the solibulity of Eu in PbTe

decreases, resulting in decomposed phases and changed electrical properties.
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Figure 4.12. X-ray powder diffraction patterns of 1123 K annealed (PbTe)oss(EuTe)o.1s sample:
as-cast (black line), after three cycles ZEM (red line), after 900 hours 873 K annealing (blue line),
and with LaBg as standard.

4.5. Conclusions

The pseudo-binary (PbTe)i..(EuTe)x and (PbTe)i(EuTeis), series of samples were
synthesized and annealed at temperatures 873 K and 1123 K. The shape of the solid
solution of Eu in the ternary system Pb—Eu-Te under different temperature was
established. Eu has small solubility range (x =0.02, y=0.01) in PbTe at 873 K annealing
temperature. At 1123 K, (PbTe)i.«(EuTe), forms a solid solution over the entire
concentration range. For (PbTe)1(EuTe: s), samples, the single-phase materials can be

achieved when y < 0.03.

Unlike reported (PbTe)ix(EuTe), quantum well films,>"13%182 no significant
influence of these two Eu substitution schemes on the thermoelectric figure-of-merit was
observed in bulk PbTe. Nevertheless, the resistivity increases and the thermal

conductivity decreases with increasing Eu content.
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4.5. Conclusions

Eu can enlarge the band gap of PbTe when it forms solid solution. However, the solid
solution with high Eu content (x > 0.15) is not stable at temperatures above 673 K during

the measurements or annealing. It decomposes into two cubic phases.
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5. Sodium substitution in PbTe

Two series of polycrystalline samples Pbi,Na,Tei.,> and Pb;.Na,Te were investigated.
Sodium has limited solubility in both of the series. The MAS **Na NMR analysis of
Pbo.osNag.02Te sample after SPS reveals only one Na signal, corresponding to Na atoms
coordinated by six Te atoms, indicating substitution of Pb by Na without defects in the
Te sublattice. In the Pbi,Na,Tei,n series, clustering of Na atoms with reduced
coordination by Te was observed. Additional heat treatment of these samples leads to the
reorganization of the Na clusters in PbTe and their equilibration with the homogenized
distribution of Na in the whole volume. The maximum Z7 values of 1.4 — 1.6 at 760 K
are established for both series. Upon long-term annealing at 873 K, reorganization and
redistribution of Na atoms lead to the change in carrier concentration and, consequently,

the thermoelectric properties for both series.!>?

5.1. Introduction

Sodium has been proved as one of the most effective dopants in controlling hole carrier
concentration in PbX (X = Te, Se, S) and therefore has been extensively utilized in order
to optimize their thermoelectric properties.®>!!*117 It is usually believed that the
monovalent Na is substituting Pb. Typically Na is added to PbTe and PbTe-based
materials in the form of NaTe or NayTe, thus giving rise to formation of acceptor
centers.5%125:135:190-193 irgt fundamental experiments revealed the diffusion coefficient
increasing with increasing Na concentration. If Na diffuses via Pb vacancies, the
respective diffusion coefficient would be expected to decrease. Such anomalous
concentration dependence of the diffusion coefficient was explained by presence of the
Te vacancies, which may indeed reduce the energy barriers for migration, temporarily
making it possible for Na to reside on Te sites. In other words, the diffusion coefficient
should increase with increasing Na concentration if Te vacancies take part in the diffusion

mechanism.'"?

In a later study, the hole concentration was found to be considerably smaller than a
value calculated from the amount of Na added to the reaction mixture, assuming one hole
was produced per one Na atom. The maximum Na solubility in PbTe was experimentally

determined to lie somewhere between 0.5 at.% and 1.75 at.%, although some loss of Na
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5. Sodium substitution in PbTe

may occur during processing.!**!*! The maximum observed carrier concentration is 2.5
x 10%° cm™. Each Na atom donates about one hole when Na concentration is higher than
~ 6 x 10" em™, which corresponds to 0.84 at.%.!°” However, at Na concentration less
than this value, one hole produced by two Na atoms was distinguished experimentally.
For the nature of the acceptor centers at small Na concentrations, a proposed model

implies a formation of the significant complex center (Nap,OteNap).!!*

The systematic study of PbTe—Na>Te and PbTe—NaTe quasi-binary phase diagrams
shows that only Na,Te (anti-CaF> crystal structure'>®) and NaTe phase (own molecular-
like structure'®*) are found in these systems.!”> According to the chemical analysis,'”! the
maximum solubility of Na in PbTe was found to be 1.4 = 0.3 mol% (0.7 at.% Na average
values from more than 100 point analysis, by electron microprobe WDXS) at 623 K.
While at 513 K, the solubility value decreases to 0.24 + 0.14 at.%.'"! First-principles
calculations of defect energy in Na-Pb-Te indicate that Na substituting Pb is the lowest-
energy defect (Napy!"); here the solubility should increase with increasing temperature.'*?
In recent microscopic studies on Na-doped polycrystalline PbTe samples, Na-rich nano-
segregations at mesoscale imperfections, dislocations, and grain boundaries even
nanoscale precipitates were formed when Na is beyond the solubility limit,'*%!® which

190,199 or

may provide additional scattering centers and reduce the thermal conductivity
increase the high-temperature electrical conductivity due to re-dissolution of Na at
elevated temperatures.'”” However, simple 1:1 substitution Pb by Na is mostly considered
in the experimental studies. The complete shape of the solid solution of Na in PbTe within
the ternary system Pb—Na—Te was not established (cf. Ref. 191). As a consequence, the
influence of different Pb—by—Na substitution mechanisms on the thermoelectric activity
of the ternary materials remains unclear. The possibility of the two substitution schemes

is indicated or assumed by different Na-additives (NaTe or Na,Te) for formation of

acceptor centers.

5.2. Experimental details

Bulk polycrystalline samples Pbi..Na,Te (0 <x <0.04) and Pb;.,Na,Te1.y2 (0 <y <0.10)
were synthesized by melting the elements Pb (shot, 99.999 mass%), Te (chunk, 99.9999
mass%), Na (chunk, 99.99%) in a graphite-coated and fused silica tube at 1273 K for 6 h

under a vacuum of around 10 torr. Then, the temperature was slowly lowered to 873 K
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and the samples were annealed for six days for homogenization. The cut sample bars
(after SPS and LFA) were sealed in Ta tubes under Ar atmosphere in fused silica tube for
annealing at 873 K, with following quenching in ice water after 900 hours. Na>Te, for the
NMR investigations, was synthesized by melting Na and Te in the stoichiometric ratio in

an Ar atmosphere in a sealed Ta tube at 773 K for 5 hours.

Elemental chemical analysis (for Pb, Te, Na, O) was performed by ICP-OES. The
2Na NMR signals of specimens from Pb;..Na,Te and Pb;.,Na,Tei.y> under different heat

treatments were investigated.

5.3. Results and discussion
5.3.1. Phase analysis

Two series of the samples were prepared (Figure 5.1a, top). The first series with the
nominal composition Pbi.xNa,Te (x = 0.005 — 0.04) assumes that Na atoms simply
substitute Pb. All as-cast samples are single-phase materials according to the powder X-
ray diffraction (PXRD). The lattice parameter decreases with the increasing Na
concentration monotonically up to 1 at.% (Figure 5.1b, red squares) being consistent with
the respective ionic radii of the Na* (0.99 A) and Pb*" (1.19 A).'?° This signalizes the
homogeneity range border in direction to the NaTe phase of about 1 at.% of Na, being
well in agreement with the results obtained at 623 K."! Relatively small value of Na
concentration can be understood given a strong difference in the crystal structure: ionic
NaCl-type structure of PbTe vs. Te polyanions in NaTe (Figure 5.1). Above 1 at.%, the
gradient of lattice parameter changes, but it is not zero as expected for the samples in the
multiphase region. This observation may indicate a non-complete homogeneity of the
material after the primary heat treatment. After additional SPS treatment at 673 K, the
lattice parameters for samples x > 1 at.% remain unchanged within 2 e.s.d. (Figure 5.2a,

red triangles), confirming the border of the homogeneity range.
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at.% Na
Figure 5.1. Phase diagram for Na-substituted PbTe samples.

The samples may still not be completely homogeneous, which is also revealed by the
measurements of thermoelectric properties (see below). TG/DTA of sample
Pbo.osNao o2 Te (Figure 5.3a) did not reveal any mass loss and phase transformations,
which indicates that the inhomogeneity of the samples can be raised on the atomic level.
The only exception are small Na-rich agglomeration areas in the microstructures (Figure
5.4). The absolute values of the lattice parameters are slightly reduced after the SPS
treatment, caused by further ordering in the crystal structure due to the enhanced diffusion
under SPS treatment. During thermoelectric measurements, some Na was lost (Table 5.1),
and the lattice parameters are becoming slightly larger for each sample (Figure 5.2a, red

stars).

For the Pb1,Na,Tei,» series (y = 0.005 — 0.10, Figure 5.2a, black), the change of
the lattice parameters with the substitution is not as strong as in the previous case. This is
understandable assuming that the reduction of the lattice parameters due to the ionic radii
of Pb?" and Na!® is partially compensated by the repulsive interaction of the cations
around the Te defect. After thermoelectric measurement, the monotonic slope of lattice
parameter is observed up to 2.5 at.% of Na toward the Na>Te phase (Figure 5.2a, black
stars) which is possible to understand given the structural similarity of PbTe (NaCl type)
and Na,Te (anti-CaF» type). The relative changes of the lattice parameter with the
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increasing Na content for the Pb;.,Na,Te1.,» samples are similar to that of the Pb;.xNa,Te
series. However, depending on heat treatment, there is an opposite lattice parameter
change in these two series. In the case of Pbi.xNa,Te, it increases after LFA measurement,
as opposed to Pbi,Na,Tei.,2 samples, for which the lattice parameter decreases. After
annealing, the lattice parameter of both Pbi.,Na,Tei,» and Pbi.,Na,Te series obeys
Vegard’s law and this trend is more prominent for the samples after LFA (Figures 5.2a,
5.2b). In case of Pbi,Na,Te1,2, the maximum solubility of Na is 1.5 at.%, in contrast to

2.5 at.% before annealing; and for Pbi..Na,Te, 0.5 at.% as compared to 1.0 at.%.
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Figure 5.2. (a) Lattice parameter vs. nominal Na content for the Pb;..Na,Te (red) and Pb;.,Na,Te.
w2 (black) series. For comparison, the lattice parameter of the binary PbTe! is shown as a blue

dash dot line. (b) Lattice parameters of annealed Na-substituted PbTe samples.
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Table 5.1. Chemical composition by ICP-OES and lattice parameters for the synthesized samples.

Element Pb (at.%) Te (at.%) Na (at.%) Composition Lattice parameter (A)
Nominal composition 49 50 1.0 PbyosNag . Te
Composition as cast 4915i021 4982i056 103i001 Pbovgggm)Naov()z](J)Teovgg(,(11) 64579(2)
Composition after SPS 49.26+0.06 | 49.72+0.07 1.0240.02 Pbo.9ss(1)Nag.o20(1)T€0.994(1) 6.4586(2)
Composition after
49.161+0.07 | 49.94+0.16 0.8940.04 Pbo.os3(1)Nag.o1s(1)T€0.999(3) 6.4590(2)
SPS+LFA
Nominal composition 48.87 49.62 1.51 Pbo.o7Nag.03Teo 085
Composition as cast 49.13+0.02 | 49.411+0.07 1.46+0.05 Pbo.975(1)Nag.o2001) T€0.981(1) 6.4608(2)
COl‘l‘lpOSitiOl’l after SPS 4836i023 4858i0 1 9 1 45 i002 PboAgﬁo(s)Nﬁvozg(] )T60A9()4(4) 64607( 1 )
Composition after
4849i032 4951i037 097i010 Pbog@(@)Nﬁvo]g(])Teo})s}m 64597(2)
SPS+LFA
Nominal composition 48.10 49.37 2.53 Pbo.osNag.0sTeo.075
Composition as cast 4823i013 4924i027 253i005 Pb0,953(3)N30,050(])Teo,gn(s) 6.461 1(2)
Composition after
48.1610.09 | 49.61+0.46 0.8010.01 Pbo.os12)Nag o161y T€0.98009) 6.4592(2)
SPS+LFA
Nominal composition 46.15 48.72 5.13 Pbo.soNag.10Teg.0s
Composition as cast 46.33 i009 4858i0 13 5 09i004 Pbo,gof,(z)Nao,ot)g(] )Teo,947(3) 64609(2)
Composition after
47.05+0.11 | 49.58+0.57 1.9140.08 Pbo.o17¢2)Nag 0372 T€0.967(1) 6.4584(2)

SPS+LFA
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Figure 5.3. Thermal behavior of PbgosNao.02Teo.99 after SPS (a) TG / DTA measurement; (b) DSC

measurement.
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Figure 5.4. Back-scattered electrons (BSE) image (a) and element mapping of PboosNago.Te
sample after SPS: Na K, line (b), Te L, lines) (c), Pb M, line (d).

5.3.2. Local atomic arrangements of sodium atoms

This complex behavior of Na substitution raises the question of where in the crystal lattice
structure Na is located. Because the XRD studies cannot yield this information, the NMR
spectroscopy experiment was performed. Figure 5.5 shows the magic-angle spinning
(MAS) **Na NMR spectra of the selected samples from the Pb;.,Na,Tei.,» and the Pb;.
«Na,Te series. The MAS »*Na NMR spectrum of PboogNao 02Te after SPS (shown in black
line in Figure 5.5) shows one strong peak at about -14 ppm. Because there is no evidence
for another phase in this sample, and the Pb-by-Na substitution is the most probable case,
the peak at -14 ppm should come from Na replacing Pb in the PbTe. The Na atom is
coordinated by six Te atoms (Figure 5.5, top right). According to Ref. 200, the higher
coordination of Na atoms by negatively charged atoms results in more negative chemical

shifts. The MAS »*Na NMR spectrum of the as cast sample PbgosNagosTeoo75 is more
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complex (orange line, Figure 5.5). The weak peak at —13 ppm corresponds to the main
peak of the PboogNaoo2Te samples, thus it is assigned to Na replacing Pb in the PbTe
structure. The main peak at +40.6 ppm corresponds to more complex arrangement of the
Na atoms in the structure, the same signal is also observed in as-cast PboogNaoo2Te
(Figure 5.5, blue spectra), which disappeared after additional heat treatment (Figure 5.5,
black spectra).The ratio of its intensity (as cast sample Pbo.osNag.osTeo.975, including all its

sidebands) to the negatively shifted peak is approximately 6:1.

The position and assignment of this effect is evaluated by comparison to the spectrum
of the binary compound Na,Te. We synthesized NaTe and performed the NMR
experiment. The 2*Na NMR signal has practically the same position at +40.7 ppm (Figure
5.6). However, the MAS line of Na;Te is significantly narrower (FWHM of 0.5 ppm
compared to FWHM of 2.8 ppm for PboosNaoosTeoo7s). The broader line for the
Pbo.osNag.osTeo97s sample points toward the disorder in the crystal structure being in
agreement with the behaviour of the lattice parameters (Figure 5.1). The relatively large
positive value of chemical shift is in accordance with Na being four-coordinated by Te in
Na,Te.?” Thus the signal at +40.6 ppm in the spectrum of Pbg¢sNao0sTeo.975 is assigned
to Na atoms replacing Pb in vicinity of the Te vacancy. The larger shift and the large
relative intensity of the main signal can be understood assuming the clustering of the Na
atoms around the Te defect in order to reduce the local excess charge appearing by the
vacancy formation (Figure 5.5, top left). All these observations echo with the Crocker’s

idea about formation of the significant complex center (NappoOreNapp).'!*
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Figure 5.5. MAS *Na NMR spectra of PbTe substituted with Na: PboosNagosTeoo7s as cast
(orange); PboosNagp2Te as cast (blue); PboosNagpTe after SPS (black); PboosNagosTeoo7s after
900 hours annealing (green). The spinning rate was 4.5 kHz. Spinning sidebands from the left and

right signals are marked by asterisks and crosses, respectively.

80



5.3. Results and discussion

Normalized Intensity (arb. unit)

150 100 50 0 -50 -100

Magnetic shift (ppm)

Figure 5.6. MAS »Na NMR spectra of as-cast PbgosNagosTeoo7s (orange) and as-cast Na,Te
(violet).

Even small concentration of the Na improves the metallic behavior for all samples
and suppresses the metal-semiconductor transition in binary PbTe.’' All Hall
measurements were conducted after SPS treatment and thermal diffusivity measurements
(LFA) (Figure 5.7). The Hall carrier concentration of Pbi.xNa,Te and Pbi,Na,Tei.,»
decreases with increasing temperature, the values obtained at 300 K are roughly two times
smaller than those at 50 K for all samples (Figure 5.7a). Similar behavior is observed for
hole mobility values (Figure 5.7b). For both substitution series, the carrier concentration
i1s smoothly increasing with the Na content within the homogeneity range of the solid
solution. According to the assumption, that one Na™ donates one hole, we calculate the
theoretical carrier concentrations for the Pbi.xNa,Te series (Figure 5.7a). The measured
values of Hall charge carrier concentration correspond to 60 ~ 70% or less of the
calculated one (Figure 5.7a), which suggests that a simple chemical one-charge model is
not in complete agreement with the band structure of these materials. This conclusion is

further supported by the behavior of the Pbi,Na,Tei.,2 series. For the charge balance
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situation, the mutual compensation between Na holes and Te defects can be assumed, so
the number of charge carriers should not be directly dependent on y. The presence of such
dependence in Figure 5.7a can be explained by the fact that a part of substituting Na atoms
follows the behavior in the Pbi..NaTe (cf. NMR results in Figure 5.5). Additional
explanation is the appearance of new states in the band structure, caused by the

environment of the Te vacancies.

5.3.3. Thermoelectric properties

As expected, all samples of both series are p-type conductors (Figures 5.8b, 5.9b).
Consistent with the phase homogeneity range (Figure 5.2a), the resistivity and the
Seebeck coefficient of Pbi..Na,Te samples do not have obvious change when x > 0.02
(Figure 5.8). Upon increasing of Na content, the resistivity and the Seebeck coefficient
of the Pbi,Na,Tey.,2 series decreases up until y = 0.03. Then the electronic transport
properties do not change significantly (Figure 5.9). An exception is the y = 0.10 sample,
for which a formation of Te secondary phase is observed, although it becomes single-
phase material after SPS (based on XRD results). Both series show similar conductive
behavior for the whole temperature range (Figures 5.8, 5.9). The Seebeck coefficient
values at 300 K are comparable to the Pbi,Na,Te series, which is consistent with
experimental charge carrier concentrations (Figure 5.10a). Room temperature values of
Seebeck coefficient S as a function of the Hall carrier concentration for all studied
samples are consistent with the published data for PbTe:Na®>'?>!?7 (Figure 5.10a).
However, the carrier mobility values for all studied samples are much lower compared to
the published PbTe:Na data®!1>>!?7_ but higher than that for PbTe:T1>":!22! (Figure
5.10b).
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Figure 5.10. (a) Room-temperature Seebeck coefficient as a function of Hall carrier concentration
n and (b) room-temperature Hall mobility u as a function of Hall carrier concentration # for Pb.

«Na,Te (triangles), Pbi,Na,Te1.,» (circles). The black and the orange lines are literature data for

PbTe: Na®!25127 and PbTe: T127123201 respectively.

The total and lattice thermal conductivities of the Pbi.Na,Te samples (Figure 5.11)
show smaller values compared to that of Pbi.,Na,Tei.,» (Figure 5.12). Generally, lattice
thermal conductivity decreases with Na concentration for all samples, especially for the
high temperature range (Figures 5.11b, 5.12b). Within the homogeneity range of the solid
solution, the decrease of the lattice and total thermal conductivity goes along with the

increasing local structural disorder according to the substitution schemes above. In the
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multi-phase samples, the additional phonon scattering on the phase boundaries reduces
further the total thermal conductivity. Therefore, the maximum Z7 values are around 1.4
— 1.6 at 760 K for Pb;_,Na,Te (x > 0.02, Figure 5.13a) and Pb;,Na,Tei.,2 (0.1 >y >0.03,

Figure 5.14a), comparable with previous results.®’
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Figure 5.11. Temperature dependence of (a) total (k) and (b) lattice thermal conductivity (x;) for
Pbi..Na,Te.
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Figure 5.13. Temperature dependence of the thermoelectric figure-of-merit ZT for (a) Pb;..Na,Te
and (b) Pbi.,Na,Tei,»;
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Figure 5.14. (c) Pbi«Na,Te and for (d) Pbi.,Na,Tei., after 900 hours annealing at 873 K.

Although both series of materials show high values of Z7, they degrade during the
measurement. The samples of Pbi,Na,Tei,» oxidized slightly (the surface color
changed), especially those with high Na concentration (y >

thermal conductivity measurements, the samples of Pbi.xNa,Te (x > 0.02) show obvious
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5.3. Results and discussion

change between the first heating cycle and the following ones, whereas no such effect
was found in Pbi,Na,Tei,n, even for the highest Na concentration outside the
homogeneity range (Pbo.ooNao.10Teo.95). For example, the thermal conductivity of samples
with x and y of 0.04 (Figure 5.15) during the first heating cycle for both samples are
almost the same until 650 K, while at higher temperature, the thermal conductivity of
Pbo.gsNag.04Te shows jump-like decrease, in contrast to the Pbo.gosNao.o4Teo.0s. The cooling
and all following measurements yield stable, but lower values, as compared to the initial
heating curve (Figure 5.15). After full cycle measurements, including electrical and
Seebeck coefficient, the Pbo.gosNaoosTe material shows visible microscopic cracks or
voids and is partially deformed (cf. inset of Figure 5.15). Contrary to this, sample of

Pbo.osNao.04Teo.0s did not show any obvious microscopic changes.

4.0 - —® Pb, ,Na  Te-1st heating
I —@—Pb ,Na  Te-1st cooling
35l —%— Pb, Na  Te-2nd heating
_ —*—Pb ,Na  Te-2nd cooling
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R —m— Pb,, Na,, Te,-1st cooling
B sk
z |
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I L l L l 'l l 1 l 1
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Figure 5.15. Cyclic measurements of thermal conductivity for Pbo.osNag.o4Te and Pbo.gsNao.osTeo.os.

Inset: image of PboosNaoosTe (top) and Pbo.osNao.osTeoos (bottom) specimens after measurement.
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Figure 5.16. Temperature dependences of electrical resistivity and Seebeck coefficient for Pb.
«Na,Te after 900 hours annealing at 873 K (a, b) and Pbi,Na,Te.,» after 900 hours annealing at
873 K (c, d).

5.3.4. Annealing effect on thermoelectric properties

In order to evaluate the possibility of the Na-substituted PbTe in potential application in
thermoelectric modules, further characterization of the thermal stability for samples
annealed at 873 K for 900 hours were carried out. The chemical composition, lattice
parameters, and carrier concentrations of the selected samples are presented in Table 5.2.
As mentioned above, the solubility of Na is decreased according to the evolution of the
lattice parameters, which is likely due to reorganization of Na clusters since no Na loss

after annealing was observed in the chemical analysis (Table 5.2). The MAS »Na NMR
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5.3. Results and discussion

investigations of the annealed Pbo.gsNao.osTeo975s sample (green spectra in Figure 5.5)
reveal that the ratio between the two main peaks has changed. The intensity of the peak,
which is assigned to Na replacing Pb in the PbTe, is much higher as compared to the peak
corresponding to a clustering of the Na atoms around the Te defect. A heat treatment leads
to an equilibration and homogenisation of the samples by reorganization and distribution
of the Na clusters and Te vacancies. From the powder XRD and chemical analyses, the
maximum solubility of Na after long-term annealing is: ~1.0 at.% (corresponding to 1.5
at.% nominal Na content. Na loss took place during the measurements) for Pbi.,Na,Te;.
y2 sample series and 0.5 at.% for Pbi.xNa,Te (Figure 5.2b). After annealing, the resistivity
values are increased for all samples, especially at the high temperature range (Figure 5.16),
which can be due to reduced carrier concentration. When beyond Na solubility, the
resistivity and the Seebeck coefficient values do not change significantly for Pbi..Na,Te
(x>0.01) and for Pbi.,Na,Te1,,» (v>0.03), as evident from Figure 5.16. This is consistent
with the change of the lattice parameters. The power factors of Pbi.\Na,Te samples are
very similar with before annealing, especially at high temperature range (Figures 5.17a,
5.17b). However, all Pbi.,Na,Tei,» samples show a significant reduction of the power
factors at the high temperature range after annealing (Figures 5.17¢, 5.17d). As a result,
the calculated ZT values (using same thermal conductivity values as those measured
before annealing) of the annealed Pbi.xNa,Te samples are still very high (Figure 5.13b),

but somewhat reduced for the annealed Pbi.,Na,Tei.,» samples (Figure 5.14b).
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5. Sodium substitution in PbTe

Table 5.2. Comparison of composition, lattice parameter, and carrier concentration before and

after annealing.

Charge carrier
Lattice .
. concentration at
Element Pb (at.%) Te (at.%) Na (at.%) Composition parameter
300 K (10"
) 5
/em?)
Nominal
. 49.62 49.87 0.50 Pbg.9oNag 01 Teo.905
composition
After annealing 5019i013 4923i027 058i005 Pb]A004(2)Nﬁvo]2(])Teogss(s] 64608(2) 37
Nominal
N 49.25 49.75 1.01 Pbo.osNag.02Teo.90
composition
After SPS and
LFA 50.2540.49 48.84+0.34 0.9140.04 Pb1.00s(10)Nao.018(1)T€0.9776) 6.4606(1) 54
After annealing 49851‘017 4932i021 083i001 Pb0,997(3)N30,0]7(])Teo,ggﬁm) 64605(2) 4.6
Nominal
. 48.87 49.62 1.51 Pbyg97Nag .03 Teo 085
composition
Before
. 48.49+40.32 49.514+0.37 0.9740.10 Pbo.os36)Nao.oro1)T€0.9837) 6.4597(2) 8.1
annealing
After annealing 49.65+0.06 49.4140.16 0.9440.06 Pbo.9o3(1)Nag o191y T€0.9833) 6.4602(2) 6.1
Nominal
N 48.10 49.37 2.53 Pbg.osNag.osTeo.o75
composition
After SPS and
LFA 48.161£0.09 49.6110.46 0.8040.01 Pbo.os12)Nag o161y T€0.98009) 6.4592(2) 10.0
After annealing 49711‘033 4938i032 092i004 Pb0,994(7)Nao,0]g(])Teo,ggs(s) 64602(2) 58
Nominal
49.5 50 0.5 Pbo_ggNao_O]Te
composition
After annealing 4990i011 4943i016 066i006 Pbo_()()g(z)Nao_()B(])Teo_983(3) 64602(2) 6.0
Nominal
- 49 50 1.0 PbygsNag 2 Te
composition
After SPS and
LFA 49.1610.07 49.9440.16 0.8940.04 Pbo.os3(1)Nag o151y T€0.99903) 6.4590(2) 8.8
After annealing 50161‘009 4896i045 088i001 Pb],003(2)Nao,0]g(])Teo,gw(g) 64602(2) 8.2
Nominal
. 48 50 2.0 Pbo_géNao_MTe
composition
After SPS and
LFA 49.43+0.23 49.66+0.20 0.9140.05 Pbo.osos)Nag o151y T€0.9934) 6.4594(1) 7.6
After annealing 49.3240.19 49.80+0.37 0.8740.03 Pbo.oss3Nao o171y T€0.996(7) 6.4601(2) 6.8
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Figure 5.17. Temperature dependences of power factor for Pb;.«Na, Te before (a) and after (b) 900

hours annealing at 873 K and for Pb;,,Na,Tei, before (c) and after (d) 900 hours annealing at

873 K.

5.4. Conclusions

Two substitution series Pbi.xNa,Te and Pbi,Na,Tei.,» were systemically investigated,

and the shape of the solid solution of Na in PbTe in the ternary system Pb—Na-Te was

established. Na has limited while different solubility range for each series: 1.0 at.% for

Pb;.xNa,Te, and 2.5 at.% for Pbi,Na,Tei,2. The samples with high concentration of Na

(x>0.02 in Pbi.Na,Te) showed a jump-like behavior above 650 K during the first heating

cycle, which becomes stable and achieves lower values in further cyclic measurements.
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5. Sodium substitution in PbTe

However, thermal conductivity of Pbi,Na,Tei.,» samples is stable during the

measurements.

The local atomic arrangement of Na by different substitution schemes was discovered
by NMR. The MAS *Na NMR of the PboosNaoo:Te after SPS revealed only one Na
signal, which is assigned to Na replacing Pb in the PbTe. In sample Pbo.osNao.osTeo.975, an
additional strong peak was observed, which was assigned to Na atoms replacing Pb in
vicinity of the Te vacancy. The larger shift and the large relative intensity of the main
signal can be understood assuming the clustering of the Na atoms around the Te defect.
Moreover, those Na-aggregation structures may also be responsible for the less than 100%
doping efficiency from Pb—by—Na substitution. The long-term heat treatment (900 hours)
leads to an equilibration and homogenisation of the samples by reorganization and
distribution of the Na clusters and Te vacancies. Concerning powder XRD analysis, the
maximum solubility of Na is reduced upon long-term annealing for both sample series:

~1.0 at.% for Pb1,Na,Te1.,2 and 0.5 at.% for Pbi..Na,Te.

Pb—by—Na substitution has suppressed the metal-semiconductor transition in PbTe.
The thermoelectric properties of Pb—Na—Te materials were proved to vary for different
substitution schemes. The maximum Z7 values of 1.4 — 1.6 at 760 K are established for
both Pb;..Na,Te (x > 0.02) and Pbi.,Na,Tei,2 (0.1 >y > 0.03) series in the multi-phase
samples due to the additional reduction of the thermal conductivity on the phase
boundaries. The Pbi..Na,Te substitution series exhibits better thermoelectric properties
after long-term annealing. The degradation of thermoelectric properties by thermal

annealing is proven.
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6. Eu- and Na-substituted PbTe

The samples (PbTe)oos(EuTe)«(NaTe)oo2 (x = 0 — 0.030) were systemically
investigated after three different kinds of heat treatments: spark plasma sintering (SPS),
laser flash measurement (LFA), and long-term annealing. The solubility of Eu (ca.1.0
at.%) in (PbTe)oos~(EuTe)(NaTe)oo> was established at 873 K. The most
inhomogeneous samples (samples after SPS) were characterized with highest values of
figure-of-merit, ZTmax of 2.1 at 760 K. Metallographic studies show that there are large
number of micrometer-scale sodium- and europium-rich aggregations in SPS samples.
After additional heat treatment (LFA measurement or long-term annealing), the ZTmax are
reduced to 1.6. The distribution of Eu and Na of the samples becomes much more
homogeneous, accompanied by increased lattice parameters and decreased carrier
concentrations. The cyclic TE properties measurements show that the long-term annealed
samples have the best reproducible TE properties and enhanced mechanical stability.*?

For comparison, (PbTe)oos-,(EuTeis),(NaTe)o.o2 samples were synthesized and

investigated.

6.1. Introduction

As discussed in chapter 4, no significant influence of the europium substitution on the
thermoelectric figure-of-merit was observed in stoichiometric bulk materials,”’ which is
in contrast to the behavior of thin films reported in the literature.’”-!3%-132 Ey has been
proven to be electrically neutral in PbTe, consistent with previous reports.'’*!”” However,
adding to the system of a monovalent element, for example Na, may change the electronic
configuration of potentially mixed-valence f~-metal. For system Pbi.xEu.Se, Eu was found
to be in the 417 state.’” A part of Eu atoms changed the electron configuration to 4f°
when introducing Na.?** Moreover, the study of Pbi..,Eu,Na,Te claims that the solubility
of Na in PbTe increases with increasing EuTe content. With nanometer-scale precipitates

and high density of dislocations, maximum Z7 of 2.2 at 850 K was reported.'?’

Nevertheless, the additive role of the Eu- and Na- substitution for Z7 enhancement
of the PbTe is still under discussion, especially from chemical point of view. As shown
in chapter 5, the solubility of Na in PbTe is more complex as was expected. Although

there are many previous p-type PbTe with high values of ZT (Table 1.1), similar Pbj..-
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6. Eu- and Na-substituted PbTe

yEu:Na, Te system has also been reported,'?’ there are only few investigations about the
stability (chemical and physical properties) of the studied materials.>>2%-2°7 Moreover,
different compositions reported in different publications reveal problems in the
reproducibility of the results. It prompts us to carefully consider all possible chemical

issues for manufacturing quaternary TE materials based on PbTe.!>?

Here we present systematic investigations of structural and chemical features, carrier
transports, and thermoelectric properties of the Pb—Eu—Na-Te quaternary system. We
discussed the possibility to use these materials for the thermoelectric applications, based

on thermal stability studies of differently heat-treated samples.

6.2. Experimental details

Bulk polycrystalline samples (PbTe)o.0s-«(EuTe)x(NaTe)o.02 (x = 0, 0.005, 0.010, 0.015,
0.020, 0.025, 0.030, 0.035) and (PbTe)o.9s-,(EuTei.5)y(NaTe)o.02 (v = 0.005, 0.01, 0.02,
0.03, 0.04, 0.05, 0.07, 0.10) were synthesized by melting the elements Pb (shot, 99.999
mass%), Te (chunk, 99.9999 mass%), Eu (chunk, 99.95 mass%), Na (chunk, 99.99
mass%) in a graphite-coated and fused silica tube at 1273 K for 6 h under a pressure of
around 10 torr, annealing at 873 K for six days for homogenization (the samples are
marked by black in all figures). The obtained ingots were ground into powders by hand
using an agate mortar in argon atmosphere before spark-plasma sintering (Fuji SPS-515S)
at 673 K under a pressure of 60 MPa for 7 minutes. Two SPS-sintered disks (0 = 10 mm,
2 mm thick) for each sample were prepared and polished (the samples are marked by red
in all figures). One for thermal diffusivity (Netzsch LFA 457) measurement, and then was
cut for further electric properties measurements (samples are marked by blue in all
figures). Another one was directly cut for electric properties measurements and long-term
annealing study. The cut sample bars were sealed in tantalum tubes under Argon
atmosphere in fused silica tube for an annealing process of 900 hours at 873 K (samples
are marked by green in all figures). The tubes were quenched in ice water. The scheme

of the experimental study is shown in Figure 6.1.
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Figure 6.1. Flow diagram for experimental processes for the samples (PbTe)o.os.«(EuTe)(NaTe)o.02.

The samples of (PbTe)oosx(EuTe)(NaTe)oo> after LFA were used for X-ray
absorption spectroscopy (XAS) experiments. Areas of 500 x 500 um? were analyzed by
combining 3 % 4 images for element mappings. A magnification of 200% was chosen to
analyze the element distributions on a larger scale. All mappings have been performed at
an acceleration voltage of 10 kV and exposure time of 60 min per image. Background
subtracted intensities of the M,, Te L., Eu L., and Na K, lines are used to visualize the
variation of elements. Elemental chemical analysis (for Pb, Te, Na, Eu) was performed

by ICP-OES.

6.3. Results and discussion
6.3.1. Phase analysis

The shape of the solid solution of Na and Eu in PbTe is defined by the following lines
within the quaternary phase diagram Pb—Eu—Na—Te (Figure 6.2). As discussed in chapter
4 and 5, in the ternary system Pb—Eu—Te the substitution way follows either the scheme

(PbTe)1-x(EuTe). or that of (PbTe)i,(EuTeis),; in the ternary system Pb—Na-Te the
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6. Eu- and Na-substituted PbTe

substitution method is either according to the scenario Pbi.xNa,Te or the Pbi.,Na,Tei.05,
ones. The homogeneity range of the solid solution of Na and Eu in PbTe is located in the
PbTe corner of the orange region in Figure 6.2. The high ZT values of the Pbo.s-
xNag.2Eu,Te system were presented in Ref. 208 (ZT e = 1.8) and Ref. 129 (ZTax = 2.2).
In order to increase the understanding of those materials, we performed further chemical
and physical characterization of the samples on the blue line (PbTe)o.98-«(EuTe)«(NaTe)o.02
(x=0.005 to0 0.030, close to the PbTe corner) and the samples on the green line (PbTe)o.0s-
yw(EuTer5),(NaTe)o.o2 (v = 0.005, 0.01, 0.02, 0.03, close to the PbTe corner) located by
orange dash lines (Figure 6.2, bottom). The concentration of 1 at.% of Na was chosen,
because of the respective ternary sample is revealed the highest charge carrier
concentration among other ternary samples.!>®> With increasing Eu content, the lattice
parameter increase until 1 at.% for all studied series of (PbTe)o.os-(EuTe)«(NaTe)o.o2
(Figure 6.3). At the same time, additional heat-treatment (SPS, measurements, long-term
annealing) increased the lattice parameters for all them regardless of the series of samples.
The lattice parameters of the samples after SPS and LFA increase linearly, for other two
series, this trend is not so obvious. The similar lattice change behavior was observed in
the Pbi.Na,Te series, and it was explained by the redistribution of the some part of
sodium during the heat-treatment.!> Introducing sodium into PbTe leads to either non-
balanced Pb-by-Na substitution (r~na < 7pp) or aggregation formation of defects in the Te
sublattice. In both scenarios, this leads to the reduction of the lattice parameter of the
majority phase. The thermal treatment leads to a partial remove of sodium from the matrix
(Table 6.1) and equilibrium of the structure, which in turn increases the lattice parameter.
Introducing europium as substituent of Pb increases the lattice parameter due to the size
difference (reu> rpb). Lattice parameters of (PbTe)o.9s,(EuTei.5),(NaTe)o.o2 (v = 0.005 —
0.10) samples show same behavior (Figure 6.4 inset), but with higher Eu solubility
(Figure 6.4).The single phase materials are only found when y < 0.01. For samples y >
0.02, there is one unknown second phase like in ternary (PbTe)1(EuTe: s),. For samples
¥>0.05, excess Te phase appears. Based on these and early published experiment data,'>?
it can be deduced that with additional heat treatments, the samples become more and more
homogeneously. The analysis of the full width at half maximum (FWHM) of the
reflections can indirectly confirmed this suggestion (Figure 6.5). Only for the samples

after long-term annealing, the FWHM values of the respective reflections for all
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specimens are almost identical. With increasing Eu content, the samples become more

inhomogeneous with more Eu-rich aggregations (Figure 6.6).

Na

P b1-,..-N a_l-Te 1-0.5y

P b 1 -.\'Na.\'T c

Pb
Eu

(PbTe)(EuTess),
(PbTe).(EuTe).

-----

Figure 6.2. Location of the solid solution of Na and Eu in the phase diagram of Pb—Eu—Na-Te

system.
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Figure 6.3. Lattice parameters of (PbTe)o.9s.«(EuTe).(NaTe)o.o2 as cast (black), after SPS (red) and
LFA (blue), after 900 hours annealing at 873 K (green) and binary PbTe (orange square) as
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a [ — E SR e

Figure 6.6. Eu element mapping of (PbTe)o0s.«(EuTe)(NaTe)oo2 after SPS: (a) x =0.010, (b) x =
0.015, (¢) x =0.020, (d) x = 0.025.
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Table 6.1. Chemical compositions and lattice parameters of the samples (PbTe)o.os-

«(EuTe).(NaTe)o.02. (Considering the real errors of ICP usually are ten times of the measured

eITOors).
" Lattice
Element Pb (at.%) Te (at.%) Na (at.%) Eu (at.%) Composition
parameter (A)

nominal content 49 50 1 Pbo.gsNag 2 Te
as cast 4915i021 4982i056 103i001 Pb0_933(4)Na0_021(1)Te0_995(11) 64577(2)
after SPS 4926i006 4972i007 102i002 Pbo_ggs(l)Nao_ozo(l)T€0_994(1) 64587(1)
after SPS+LFA 4916i007 4994i016 089i004 Pbo_gg;(l)Nao_()lg(l)Teo_ggg(;) 64590(2)
after annealing | 50.1640.09 | 48.96+045 | 0.88+0.01 Pb1.003)Nao o1y Teos79(0) 6.4602(2)

i

nominal content 48.75 50 1 0.25 Pby.975Eu0,00sNag. 0. Te
as cast 48.6240.15 49.9640.16 1.1540.02 0.2740.002 Pbo.9723)Eu0.00sN0.0231 T€0.909(3) 6.4589(2)
after SPS 48.5540.06 50.05+0.16 1.1440.05 0.2740.001 Pbo.g71(1Eu0.00sNao.0231y Te1.0013) 6.4591(2)
after SPS+LFA | 48.3910.16 50.40+0.21 0.9440.02 0.2610.002 Pbo gss3Euo.00sNag.o19)Te1.008(4) 6.4595(2)
after annealing | 49.66+0.36 49.3240.42 0.7540.01 0.2840.002 Pby.993(7)Eu0.006N0.015(1y T€0.986(s) 6.4609(2)

nominal content 48.5 50 1 0.5 Pby.97Eug01Nag e, Te
as cast 48.4740.18 50.01+0.10 1.0740.01 0.4640.005 Pbo.gsoEu0.000Na0.0211y Te1.000¢2) 6.4596(2)
after SPS 48.431+0.04 50.05+0.39 1.0540.02 0.4740.001 Pbo.gsoyEu0.000Na0.021(1yTe1.001(s) 6.4596(1)
after SPS+LFA | 48.2340.01 50.35+0.29 0.9540.06 0.4740.001 Pbo ges1yEuo.000Nag.0191)Te1.0076) 6.4604(2)
after annealing | 49.304+0.19 49.0740.20 1.1440.01 0.5040.003 | Pbo.oss@Euooio1yNaoo2smTeoos1a) 6.4609(2)

nominal content 48.25 50 1 0.75 PbogssEugo1sNage,Te
as cast 48.2140.12 49.9440.41 1.1040.07 0.7540.02 Pbo.9642)EU0.01501)Nag 0221y T€0.999 (8) 6.4602(3)
after SPS 48.1010.26 50.09+0.73 1.0840.02 0.7340.002 Pbo.osa(syEuo.01sNao.eo2(1) Te1.002(15) 6.4595(2)
after SPS+LFA | 47.9140.31 50.60+0.54 0.76+0.01 0.7340.006 | Pbo.osseEvoois)NaooisayTerona 6.4611(2)
after annealing | 48.94+0.14 49.2440.26 1.0640.02 0.7640.001 Pbo.9793)Eu0.015Na0.021(1y T€0.985(5) 6.4618(2)

nominal content 48 50 1 1 Pbo.gsEug0oNag . Te
as cast 48.014+0.08 49.884+0.32 1.1240.02 1.0040.003 Pbo.9s02)EU0.020N0.022(1 T€0.995(6) 6.4612(2)
after SPS 47.9740.10 49.944+0.28 1.1140.11 0.9740.001 Pbo.gso2)Eu0.019Na0.0222) T€0.999(5) 6.4619(2)
after SPS+LFA | 48.014+0.42 50.12+0.42 0.88+0.01 0.9940.002 Pbo.gsos)Eto.020Na0.015(1 Te1.002(8) 6.4616(2)
after annealing 49.02+0.07 49.20+0.11 0.774+0.04 1.014£0.02 Pbo.osoc1)Eug.02001)Nag.01501yT€0.984(2) 6.4630(2)

nominal content 47.75 50 1 1.25 Pbg ossEuge2sNage.Te
as cast 47.5240.10 49.9640.16 0.9840.06 1.3440.14 Pbo.9s02)Eu0.0273)Nao.02001 T€0.999(3) 6.4612(3)
after SPS 47.67£0.11 50.05+0.16 1.04+0.02 1.3240.16 Pbo.9s32)Eu0.0263Nao.021(1y Te1.0013) 6.4611(3)
after SPS+LFA | 47.6740.11 50.20+0.24 0.76+0.02 1.3740.03 Pbo.9s32)Eu0.027(1)Nao.o1501y T€1.004(5) 6.4623(2)
after annealing | 48.5140.23 49.2440.25 0.8340.04 1.4240.005 | Pbo.ozas)Euo.02s1yNaoo17¢1)Teo.0ss(s) 6.4642(2)
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6. Eu- and Na-substituted PbTe

Figure 6.7. Microstructure of (PbTe)ooss(EuTe)o.ois(NaTe)oo2 after SPS: (a) BSE image, (b) Eu
element mapping (blue circles: Eu aggregations), (c) Na element mapping; after annealing: (e)
BSE image, (f) Eu element mapping (blue circles: Eu aggregations), (g) Na element mapping (red
circles: Na aggregations) (800% magnification at 10 kV beam voltage, combination of 12
fragments, each fragment in b and ¢ has individually adjusted contrast to better reveal the

homogeneity).
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6.3. Results and discussion

The inhomogeneity of the samples, as can be assumed, is due to the heterogeneous
distribution of the sodium and europium. The metallographic studies were provided on
the big areas (500 x 500 pm?) for the samples after SPS (believed to be most
inhomogeneous) and after long-term annealing (believed to be most homogeneous), as a
combination of the 12 (3 x 4) smaller areas. As expected, the
(PbTe)o.965(EuTe)o.01s(NaTe)o.o2 sample after SPS are strong inhomogeneous (Figure
6.7a). There are a large number of micrometer-scale sodium- and europium-rich
aggregations (Figures 6.7b, 6.7¢). The most homogeneous sample (after annealing) looks
differently (Figure 6.7d), with reduced number of the black spots. The convex areas are
sodium reach zones (Figure 6.7e, red circles), the elongated areas are europium rich
(Figure 6.7f, blue circles). Different distribution of europium and sodium, even after long-
term annealing, may corresponds to immiscibility of the elements in liquid state, which
is can be deduced from the results obtained from the investigation of other rare-earth

metals—lithium—gallium system.?%
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6. Eu- and Na-substituted PbTe
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Figure 6.8. (a) Effective magnetic moment per Eu atom of (PbTe)o.ss-.(EuTe)«(NaTe)oo> and
(PbTe)1.,(EuTe; s), before SPS (the dash line refers to Eu*" value 7.9); (b) Eu M-edge X-ray
absorption spectrum of (PbTe)o.oss(EuTe)o.o1s(NaTe)o2 after SPS and LFA.

Aforementioned, europium remains in the 4f7 (Eu?") state in ternary (PbTe);.«(EuTe)x
samples.!’%?!? The effective magnetic moment of Eu in the (PbTe)i«(EuTe), (x = 0.01;
0.02) is in good agreement with the theoretical value of the S = 7/2 Eu state (7.56 ug and
7.79 uB, respectively). In contrast, the magnetic moment of the Eu in the quaternary

samples has the smaller values (Figure 6.8a, black square). This indicates on the partially
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6.3. Results and discussion

oxidizing of the Eu?’ to Eu*" (4/ %). Similar reduced values of Eu effective magnetic
moment are found in ternary (PbTe)i,(EuTe:s), system (Figure 6.8a, red circle). The
addition of sodium depending on substitution scenario may force oxidation of europium
towards Eu®" in order to compensate the charge disbalance in the system. Since the
magnetic susceptibility measurements cannot provided a precise evaluation of the ratio
between 4f 7/ 4f ® electronic states, we managed the XAS measurements on the series
samples after SPS and LFA, which lattice parameters are obeyed to Vegard’s law. XAS
measurements confirmed the magnetic measurements. Eu atoms were found to be a
mixed-valence state (Figure 6.8b). The amount of Eu with 47 state is increasing with the
europium concentration in the samples (Table 6.2) until 1 at.% of Eu (limit of the
solubility). The non-monotonic of Eu** ratio could originate from different deviations of
the sample composition from the blue line in Figure 6.2 towards Te-rich region. In Table
6.2, one may expect that if all Na would be active, the values of row 3 and 4 would be
same. However, this is obviously not the case. Some suggestions for the understanding
of this effect were proposed for the Pb—Eu—Na—Se system. Adding Na prompts the Femi
level moving to the Eu 4flevel, which leads to an instability of the 4/ configuration and

drives the 4f7 — 4f % transition.?%

Table 6.2. Experimental Eu®" and active Na' contents from XAS in units of x, as well as
experimental active Na* content from Hall measurement in units of x. (All data are taken at RT.

The error bars of Eu** (%) reflect the deviations of the fits to the experimental data.)

Nominal x 0 0.005 0.01 0.015 0.02 0.025
Experimental Eu**
0 432+22 | 314+1.6 | 602+3.6 | 65.1+4.1 | 399+22
content from XAS (%)
Experimental Eu**
content from XAS (in 0 0.0022(1) | 0.0031(1) | 0.0090(1) | 0.0130(1) | 0.0100(1)

units of x)

Experimental active
Na* content from XAS 0.02 0.0178(1) | 0.0169(1) | 0.0110(1) | 0.0070(1) | 0.0100(1)

(in units of x)

Experimental active
Na" content from Hall
] ) 0.0059(2) | 0.0075(3) | 0.0070(3) | 0.0055(2) | 0.0061(2) | 0.0055(2)
measurement (in units

of x)
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6. Eu- and Na-substituted PbTe

6.3.2. Thermoelectric properties

In all series of samples, a complex distribution of the sodium and europium in the PbTe
matrix was found. Thus, measured thermoelectric properties reflect not only the intrinsic
behavior of the main phase, but also all other constituents of the microstructure (Figure
6.7). That is why it is difficult to discuss the dependence of TE properties on lattice
parameter or nominal chemical composition of the main phase. In order to understand the
role of material homogeneity, the thermoelectric behavior is presented here as a function
of the sample history. Similar to Na-substituted materials (Chapter 5), for all investigated
series p-type metal-like behavior (Figures 6.9, 6.10, 6.11) was observed due to a
substitution of Pb by Na. However, the presence of europium impacts the electrical and
transport properties. With increasing Eu concentration, the electrical resistivity is
increased for all series of the samples. The presence of Eu also increase the Seebeck
coefficients (Figure 6.12c¢). ZT values above two were calculated for the most
inhomogeneous series (after SPS, marked by red) of (PbTe)o.os-«(EuTe).(NaTe)o.02 (x =
0.015, 0.02) samples (Figure 6.9d). For the ZT calculations, the first heating cycle of
thermal conductivity measurement was used (see below in the text). After additional heat-
treatments (LFA measurements or long-term annealing), the maximum Z7 values reduced
to 1.6 (the second cooling cycle of thermal conductivity data was used for the ZT
calculation). This is attributed to rising electrical resistivity. Since the Hall mobility
shows higher values after LFA and after annealing compared to the after SPS samples
(Figure 6.12b), the increased resistivity of samples after additional heat treatments should

associate with a decrease in charge carrier concentration (Figure 6.12a).

Highest values of the charge carriers, which are commensurate with value of the best
Na-ternary sample, were observed for the series of samples after SPS. The carrier
concentrations practically did not change within the Eu solubility range (Figure 6.12a,
red symbols). Additional heat treatment drastically reduced the carrier concentrations,
which is due to redistribution of some sodium during the heat treatment, consistent with
the lattice parameter changes. The carrier concentrations after long annealing (Figure
6.12a, green symbols) are reduced by 40 — 50% compare to the samples just only after
SPS (Figure 6.12a, red symbols). For samples after LFA and samples after annealing,
these carrier concentrations slightly decrease with increasing Eu contents. At the same

time, samples after SPS, characterized as the most inhomogeneous, show the lowest
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6.3. Results and discussion

values of the carrier mobility (Figure 6.12b). Due to homogenization by heat treatment,
the mobility increase for other series of the samples (Figures 6.12b, 6.12d). Comparing
these values with PbTe: Na%!2>127  Eu-substituted samples reveal higher Seebeck
coefficient (Figure 6.12¢) and lower carrier mobility (Figure 6.12d). For the case of PbTe:
TI127123201 " the Seebeck coefficient is lower and the mobility is significantly higher
(Figures 6.12¢, 6.12d). This indicates the effect of the Eu substitution on the band
structure of pristine PbTe. Consistent with the microstructure evolution, only the
electrical properties of annealed samples show well systematic change along with
increasing Eu contents (Figures 6.11a, 6.11b). For (PbTe)o.98,(EuTei5),(NaTe)o.o2 (y =
0.005 — 0.04) samples after SPS, the values of ZTmax at 760 K are also around 2.0. After
LFA measurements, the values of ZTmax at 760 K are reduced to around 1.5 (Figure 6.14f).
Compare to samples (PbTe)o.os-»(EuTe).(NaTe)o.02, the electrical properties of (PbTe)o.os-
y(EuTey 5),(NaTe)o.o2 samples show much better systematic change along with increasing

Eu contents (Figure 6.14).

Thermal conductivities for all series decrease with increasing Eu concentration
(Figures 6.13a, 6.13b). The structural disorder, introduced by Eu substitution, as well as
additional inhomogeneity (Figure 6.6) enhance the phonon scattering, which directly
affects the lattice thermal conductivity (Figures 6.13c, 6.13d). Interestingly, the samples
directly after SPS show the higher values of the thermal conductivity (with respected to
the consecutive heat treatments), which is mainly due to higher contribution from the
electric thermal conductivity, since the samples after SPS have the highest carrier
concentrations. The high lattice thermal conductivity of the samples after SPS is most
probably caused by metal-rich aggregations remaining in the microstructure (Figure 6.7a).
They are strongly reduced after enhanced thermal treatment (Figure 6.7b), and the thermal
conductivity of the material has more intrinsic character, i.e. shows lower values. Similar
to the Pbi..Na,Te series,'>* after first heating cycle in vicinity of the 650 K show jump-
like decrease (Figure 6.15).
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6. Eu- and Na-substituted PbTe

6.3.3. Thermal cyclic experiments

Material stability with respect to the operating temperature range is crucial for device

engineering. The LFA cyclic measurements (Figure 6.15) indicate that the samples are

not stable directly after SPS. The first heating cycle of the thermal conductivity

measurements for all samples show higher values, compared to following cycles. There

is one obvious drop for each sample at the temperature above 600 K, see e.g. arrow on

the Figure 6.15c, and then thermal conductivities show quite stable values. This may

indicate that the materials are structurally or chemically changed during the heat treatment.
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6.3. Results and discussion

The sample (PbTe)o.06(EuTe)o.02(NaTe)o.02, which was characterized with the highest
ZT, was used for cyclic measurements (Figures 6.16, 6.17). After SPS (most
inhomogeneous state), the sample maintains high Z7 values within cycling measurements,
but the resistivity and the Seebeck coefficient (Figures 6.16a, 6.16b) change, especially
at the high temperature range (500 — 760 K). After cycling, the specimen bar, which was
a perfect shiny-gray parallelepiped (inset Figure 6.16d, top), is bent and the surface
become black and coarse (inset Figure 6.16d, down). In contrast to the after-SPS sample,
all properties for the long-term annealed sample are quite repeatable and the specimen
bar did not show obvious change after measurements (Figure 6.17, inset). The slight
evolution of the electrical resistivity and Seebeck coefficient during first heating-cooling
cycle (Figures 6.17a, 6.17b) can be attributed to the elimination of quenching effect, i.e.
stress in the microstructure. For the evaluation of these materials in potential high-
temperature application, further characterization of the thermal stability at 873 K were
carried out. The properties are consistent with our previous measurements (Figure 6.18),
the ZT values are also reduced for the samples after additional heat-treatment. The after-
SPS specimen becomes bent (Figure 6.19, right), while the shape does not change for
after annealing one (Figure 6.19, left). However, the surface of all specimens after 873 K
ZEM measurements becomes white and removable (Figure 6.19). It is clear that at high
temperature (873 K) and lower pressure (0.1 bar) of Helium atmosphere, the surface of
the samples changed. This may be due to evaporation of Te from PbTe for temperatures

above 773 K, which is especially likely to occur in vacuum condition.!'”
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. SR —

Figure 6.19. Specimens after ZEM measurement at 873 K: after annealing and ZEM (left), after
SPS and ZEM (right).

6.4. Conclusions

(PbTe)o.98-+(EuTe)(NaTe)o.o2 (x = 0 — 0.03) samples were systematically investigated
after different heat treatments: spark plasma sintering (SPS), laser flash measurement
(LFA), and long-term annealing. The solubility of Eu (ca. 1.0 at.%) in (PbTe)o.os-
(EuTe)«(NaTe)o.02 was established at our investigation temperature. A part of Eu
becomes Eu®" within the homogeneity range due to the charge compensation caused by

Pb?*—by-Na!* substitution or by change of the sample composition towards Te-rich side.

The most inhomogeneous samples (samples after SPS) were characterized with
highest values of ZTmax up to 2.1 at 760 K. However, metallographic studies show that
there are a large number of micrometer-scale sodium- and europium-rich aggregations in
those SPS samples. After additional heat treatment (LFA measurement or long-term
annealing), the ZTmax are reduced to 1.6. Similar behaviors were also found in (PbTe)o.9s-
y(EuTey.s5)(NaTe)o.o2 samples. The distributions of Eu and Na of the samples have become
much more homogeneous along with increased lattice parameters and decreased carrier

concentrations.
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6. Eu- and Na-substituted PbTe

The structural disorder introduced by Na and Eu substitutions and the formation of
non-homogeneity in the materials increase the phonon scattering, which decrease the total
and lattice thermal conductivity. The cyclic measurements on thermal conductivity show
obvious difference between first heating data and subsequent measured data, which is a

common behavior in Pbi.\Na,Te system.

The cyclic TE properties were measured for all three samples series. The long-term
annealed samples show the best reproducible TE properties and good mechanical stability.
In summary, the Eu- and Na-substituted PbTe materials can be used in thermoelectric
modules, just only after long-term annealing. In order to avoid materials decomposition,

surface protection need to be considered for working temperatures above 773 K.

This study clearly demonstrates that out-of-equilibrium materials may have
promising high ZT values under certain circumstances, but these Z7 values will generally

approach lower values after heat treatment similar to the “working conditions”.
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PbTe-based materials have many fascinating properties needed to be studied. The
influence of chemical substitution and temperature on the stability of the PbTe-based
solid solutions and their TE properties was the main goal of the present work. The
dissertation presents phase analysis and TE properties of binary Pb—Te, substitutional Eu
solid solution in PbTe, Na solid solution in PbTe, and reproducibility of TE properties

and microstructure evolutions of Eu- and Na-substituted PbTe.

Through investigation of several binary polycrystalline Pb—Te samples, it was found
that the mechanical stress during the powder process causes the strong anisotropy of the
PXRD-reflection broadening in PbTe, which can be healed by annealing. Compare to
stoichiometric PbosoTeo.s0, additional Te in the SPS-prepared Pbo.49Teo 51 sample has no
obvious influence on the TE properties during the cyclic measurements; additional Pb in
the SPS-prepared Pbo.siTeo.49 sample results in unstable electronic properties, gradually
changing from p-type into n-type conduction under the cyclic measurements. For the 673
K annealing, where the lattice anisotropy disappears, the SPS-prepared sample
Pbo.soTeo.so undergoes a chemical change and shows almost “intrinsic” TE properties.
However, the single crystal PbTe has no obvious change during the 673 K annealing. The
complex diffusion processes in PbTe including processes at grain boundaries and/or
under contribution of dislocations provide dynamic chemical reactions during the
measurements and the annealing, which are responsible for variable electric properties in

polycrystalline PbTe.

Pseudo-binary (PbTe)i«(EuTe). and (PbTe)i,(EuTeis),, binary Eui..Te. series of
samples were synthesized to investigate the influence of the Pb substitution by (mostly)
divalent element. Eu has small solubility range (x = 0.02, y = 0.01) in PbTe under 873 K
annealing temperature. For temperatures up to 1123 K, (PbTe)i.«(EuTe), forms a solid
solution over the entire concentration range. For (PbTe)1,(EuTe1 5), samples, the single-
phase materials can be achieved when y < 0.03. No significant influence of these two
different Eu substitutions on the thermoelectric figure-of-merit was observed in bulk
PbTe. Eu can increase the band gap of PbTe when it forms solid solution. However, the
high Eu-contained solid solution (x > 0.15) is not stable at temperature above 673 K, it

will decompose into two cubic phases.
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Two different substitution schemes Pbi.xNa,Te and Pbi.,Na,Te1.,» were investigated
to study Na substitution in PbTe. The shape of the solid solution of Na in PbTe in the
ternary system Pb—Na—Te was established. Na has limited and different solubility range
for each series: 1.0 at.% for PbiNa,Te and 2.5 at.% for Pbi,,Na,Tei,. Different local
atomic arrangements of Na in two substitution schemes in the bulk PbTe were revealed
by NMR: Na replacing Pb and Na atoms replacing Pb in vicinity of the Te vacancy. The
later Na-aggregation structures may also be responsible for the less than 100% doping
efficiency of Pb-by-Na substitution. A long-term heat treatment leads to an equilibration
and homogenisation of the samples by reorganization and distribution of the Na clusters
and Te vacancies. In addition, the maximum solubility of Na is reduced upon annealing
for both series: ~1.0 at.% for Pbi,NaTei,2 and 0.5 at.% for Pbi.Na,Te. The
thermoelectric properties of the single-phase materials were proven to be different by
different substitution schemes. The maximum Z7T values of 1.4 — 1.6 at 760 K are
established for both Pb;iNa,Te (x > 0.02) and Pbi.,Na,Tei,2 (0.1 >y > 0.03) series. Pbi-
«Na,Te substitution series exhibit better thermoelectric properties after long-term

annealing.

(PbTe)o.os-+(EuTe)(NaTe)ooz (x = 0 — 0.03) samples and (PbTe)o.os-
yw(EuTer5),(NaTe)o.o2 (y = 0 — 0.04) samples were investigated after different heat
treatments. The solubility of Eu (ca. 1.0 at.%) in Pbo.og.xEuNag0.Te was established at
the investigated temperature. A part of Eu become Eu** within the homogeneity range
due to the charge compensation caused by Pb>*~by—Na!* substitution or by change of the
sample composition towards Te-rich side. The most inhomogeneous samples (samples
after SPS) show highest values of figure-of-merit, ZT e of 2.1 at 760 K, due to a large
number of micrometer-scale sodium- and europium-rich aggregations in them. After
additional heat treatment (LFA measurement or long-term annealing), the Z7max 1s
reduced to 1.6. The distributions of Eu and Na in the samples have become much more
homogeneous, along with increased lattice parameters and decreased carrier
concentrations. The structural disorder introduced by Na and Eu substitutions and the
formation of non-homogeneity in the materials increase the phonon scattering, which
decrease the total and lattice thermal conductivity. The cyclic measurements on thermal
conductivity show obvious difference between first heating data and subsequent

measured data, which is the common feature in the Pb;.xNa,Te system. The long-term
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annealed samples show the best reproducible TE properties and good mechanical stability

during the cyclic measurements.

In summary, the chemical structural features, as well as the TE behavior in binary
Pb-Te, ternary Pb—Eu-Te, ternary Pb—Na—-Te, and quaternary Pb—Eu—Na-Te systems,
have been studied for different substitution schemes and different heat treatments.
Structural features of PbTe, the Eu-solubility range in PbTe, the shape of the solid
solution of Na and local atomic arrangement in PbTe are the main results of this
dissertation. We also demonstrate that out-of-equilibrium materials may have promising
high ZT values under certain circumstances, but these ZT values will generally approach

lower values after heat treatment similar to the thermoelectric “working conditions”.

Collecting room temperature physical properties from these five systems (Figure 7.1),
we can see that the electric conductivity increases with increasing carrier concentration;
compared to binary PbTe and ternary Pb—Na—Te, Eu addition decreases the electric
conductivity. The Seebeck coefficient decreases with increasing carrier concentration and
keeps constant around a carrier concentration of 10*° cm™. Eu addition increases the
Seebeck coefficient. The maximum value of the power factor is located around a carrier
concentration of 10!° cm™, Eu addition does not have an obvious effect on power factor.
The single crystal PbTe shows the highest values of the Hall carrier mobility, Eu addition
decreases the Hall carrier mobility. The Z7 values at room temperature are between 0.05
and 0.25 (Figure 7.2). The single crystal shows the highest ZT value. When substituting

with Na, Eu addition can increase ZT values.
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Figure 7.1. Room temperature (a) electric conductivity (b) Seebeck coefficient (c) power factor
(d) Hall carrier mobility of p-type PbTe, single crystal PbTe, Pb—Eu-Te, Pb—Na-Te, and Pb—Eu—

Na-Te vs. carrier concentration.
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Figure 7.2. Room temperature figure-of-merit (Z7) of p-type PbTe, single crystal PbTe, Pb—Eu—

Te, Pb—Na-Te, and Pb—Eu—Na-Te vs. carrier concentration.

Outlook: The following issues are needed to be further investigated: the diffusion process
and defects chemical reaction in binary Pb—Te; the connection between the structure and
the origin of low lattice thermal conductivity of lead telluride; the reason of the abrupt
change of thermal conductivity during the LFA measurements for Pbi.Na,Te; the
influence of the mechanical stress on the thermoelectric properties of (PbTe)o.os-
«(EuTe)«(NaTe)o.02; the additional ways to stabilize the solid solutions in PbTe for future

applications.
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