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Abstract

Thermoelectric generators can directly convert heat into electricity. They have received
increasing attention by the materials science community and developed rapidly in the last
decades. In this thesis strategies to improve the thermoelectric performance of diverse

chalcogenide and half-Heusler phases are investigated.

In the first part the thermoelectric transport properties of Cuz_.Sm,SbSes (x < 0.025)
chalcogenide samples are studied in the temperature range of 300 K < 7' < 650 K. From
density functional theory calculations, it can be concluded that through appropriate
substitution the relatively lighter valence band can be activated to contribute to the transport
properties. In this work, the weighted mobility is enhanced due to activating the light valence
band through slight Sm substitution. In addition, in the Sm-doped samples, the lattice thermal
conductivity 1s reduced dramatically because the Sm doping induces a stronger point-defect
phonon scattering. Finally, a zT of ~1.0 at 648 K for Cu3_.Sm,SbSes with a charge carrier

concentration of 4.3 x 10'® cm™ at room temperature is obtained.

In the second part, the thermoelectric transport properties of Cuz_.Sm.SbSes, S, (x = 0,
0.005, 0.0075 and y = 0, 0.5, 0.1, 0.15) samples are studied in the temperature range of 300
K <7T<650 K. Doping and alloying can induce mass fluctuations and strain field fluctuations
related to the interatomic coupling force differences between the introduced atom and the host
lattice. Through the Callaway model it is demonstrated that the Sm and S co-doping induces
stronger mass fluctuations and strain field fluctuations than that of the pristine sample. A large
decrease in the lattice thermal conductivity is achieved due to the improved point defects,

resulting in an evident improvement of the thermoelectric performance.

In the third part the thermoelectric transport properties of Cu-excess Zro.4HfosNiSn:xCu (x
<0.05) and Cu-doped Zro4Hfo6Ni1,Cu,Sn (y < 0.05) as well as Co-excess Zro.4Hfo sNiSn:zCo
(z <£0.05) samples are investigated in the temperature range of 300 K < 7'< 975 K. For Co-
excess samples, it is found that Co shows a negative contribution to the thermoelectric

IX



transport properties because of the decreased electric conductivity. Compared to the Cu-
doped samples, the electric resistivity is enhanced due to the increased carrier concentration,
while the lattice thermal conductivity is decreased by the increased phonon scattering in the
Cu-excess samples. For Cu-excess material the formation of half-Heusler (HH) / full-Heusler
(FH) nanocomposites has been achieved successfully. In the Cu-excess HH / FH
nanocomposites some charge carriers (electrons) of the FH nanoparticles are injected into the
HH matrix, because the carrier concentration of the FH phase is much higher than that of the
HH phase. At the same time, phonon scattering at the interfaces between FH nanoparticles
and HH matrix is significantly enhanced, resulting in a reduced lattice thermal conductivity.
The highest z7 value of ~1.3 is obtained for the composition Zro4HfosNiSn:2%Cu at 875 K,
which is ~100 % higher than that of the pristine sample.



Zusammenfassung

Thermoelektrische Generatoren konnen Warme direkt in elektrische Energie wandeln. Die
dem zugrunde liegenden thermoelektrischen Materialien sind in den letzten Jahrzehnten
vermehrt untersucht worden. Des Weiteren konnte in den vergangenen Jahren eine rasche
Weiterentwicklung der Materialien und dem Versténdnis ihrer physikalischen Eigenschaften
beobachtet werden. Die vorliegende Arbeit beschéftigt sich mit Konzepten zur Steigerung der
thermoelektrischen Leistungsfahigkeit, verschiedene Chalkogenide und intermetallische

Halb-Heusler-Phasen (HH) dienen hierbei als Modellsysteme.

Im ersten Teil der Arbeit werden die relevanten thermoelektrischen Transporteigenschaften
von Cuz—.Sm,SbSes (x < 0,025) im Temperaturbereich 300 K < 7' < 650 K prisentiert. Auf
Grundlage von mittels Dichtefunktionaltheorie erzielten FErgebnissen kann darauf
geschlossen werden, dass eine gezielte Substitution mit Sm zur Aktivierung des so genannten
schwachen Valenzbandes fiihrt und dieses dadurch maBgeblich zu den
Transporteigenschaften des Materials beitrdgt. Der durch die Sm-Dotierung aktivierte Beitrag
des schwachen Valenzbandes fithrt zu einer Verbesserung der gewichteten
Ladungstrigermobilitdt. Zusatzlich wird fiir Sm-dotierte Proben eine deutlich reduzierte
thermische Leitfdhigkeit des Kristallgitters durch ein verstirktes Auftreten von
Punktdefekten, welche die Phononen effektiv streuen konnen, erhalten. Daraus resultierend
wurde fiir Cuz xSm.SbSe4, mit einer Ladungstragerkonzentration bei Zimmertemperatur von
43 % 1018 ¢cm™, ein zT-Wert von ca. 1,0 wihrend der Temperaturerhdhung auf 648 K
beobachtet.

Im zweiten Teil der Arbeit werden die Transporteigenschaften von Cus_.Sm,SbSes, S, (x =
0; 0,005; 0,0075 und y = 0; 0,5; 0,1; 0,15) im Temperaturbereich 300 K < 7' < 650 K
eingehend untersucht. Dotierung und Legierungsbildung kann zu Anderungen der
Massenverteilung und zur Bildung von lokalen Spannungsfelder fiihren. Letztere werden
durch die unterschiedlichen interatomaren Bindungskrifte zwischen Wirtsgitter und den

eingebrachten Atomen verursacht. Mittels des Callaway-Modells wurde gezeigt, dass die Ko-
Xl



Dotierung mit Sm und S stirkere Verdnderungen der Massenverteilung und der
Spannungsfelder als die Einbringung der Einzelkomponenten bewirkt. Die durch den Anstieg
der Punktdefektkonzentration verursachte Reduzierung der thermischen Leitfdhigkeit des
Kristallgitters resultiert in einer klar nachweisbaren Steigerung der thermoelektrischen

Leistungsfahigkeit des Materials.

Im letzten Teil der Arbeit wurde die Abhdngigkeit der Transporteigenschaften von der
Zusammensetzung von Halb-Heusler (HH) / Heusler (FH) Nanokompositen analysiert. Die
Untersuchungen wurden im Temperaturbereich 300 K < 7' < 975 K an dret Gruppen von
Nanokompositen durchgefiihrt: i) Co-Uberschuss Zro4Hfo ¢NiSn:zCo (z < 0,05), ii) Cu-dotiert
Zr04Hfo6Nii,Cu,Sn (¥ < 0,05) und Cu-Uberschuss Zro4Hfy sNiSn:xCu (x < 0,05). Im ersten
Fall wurde ein negativer Einfluss von Co auf die thermoelektrischen Eigenschaften
festgestellt. Im zweiten Fall wurde eine Erhohung der Ladungstrigerkonzentration
gemessen.Im dritten Fall wurde erfolgreich ein HH/FH Nanokomposit hergestellt. Dieses
besitzt aufgrund der Anwesenheit der FH-Phase eine deutlich hdhere
Ladungstragerkonzentration. Dies fithrt zu einer Injektion von Ladungstrigern (hier:
Elektronen) aus der FH-Phase in die HH-Phase. Parallel wird auch in diesem Fall eine
Absenkung der thermischen Leitfdhigkeit beobachtet. Allerdings resultiert der Hauptbeitrag
hier von der Phononenstreuung an der Grenzfliche zwischen FH-Nanopartikeln und HH-
Matrix. Fiir die Zusammensetzung Zro4HfosNiSn:2%Cu wurde bei 875 K ein z7-Wert von
ca. 1,3 gemessen. Dies stellt eine Steigerung von ~100 % gegeniiber der unbehandelten Probe

dar.
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Introduction
Chapter 1 Introduction

In this chapter I will introduce the fundamental knowledge of thermoelectricity and two
important thermoelectric materials: chalcogenide and half-Heusler. First it introduces the
basic fundamentals for thermoelectricity, in which the Seebeck effect and Pelter effect, figure
of merit zT and strategies to increase z7T are discussed. Then the two representative
thermoelectric materials: chalcogenide Cu3SbSes and half-Heusler ZrNiSn are introduced and

discussed.

1.1 Fundamental knowledge for thermoelectricity

The demands of large energy consumption mostly provided by the non-renewable fossil
fuels are increasing with the fast development of economy and society. However, most of the
industrial energy consumption is lost through waste heat. Therefore, the recovery of waste
heat is very important to significantly decrease overall energy consumption.
Thermoelectricity is a potential option as a result of the special property that can convert
waste heat into electricity directly and reversibly.[1] Below two fundumental thermoelectric
effects as well as figure of merit z7 (which evaluates the performance of thermoelectric
materials) will be introduced. A discussion of thermoelectricity should start with two of the

most fundamental thermoelectric effects: Seebeck effect and Peltier effect.

1.1.1 Seebeck effect and Seebeck coefficient

While two different temperatures T and T + AT are carried out on the joint of two
different materials, a voltage difference AV will be generated. As revealed in Figure 1-1,
this effect (Seebeck effect) is discovered by the German physicist Thomas Johann Seebeck
in around 1821.[2] The Seebeck coefficient S is shown in the following as the ratio of

AV /AT:

AV
S== (1-1)
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Seebeck coefficient gives us the information of entropy per unit charge carried by electrical
currents. The Seebeck coefficient is related to charge carriers (electrons and holes). In details,
for intrinsic p-type or n-type materials, the motivated holes from the valence band or electrons
from the conduction band will contribute to the Seebeck coefficient. When the electrons and
holes coexist, the whole Seebeck coefficient is a sum of their relative contributions weighted
by their contributions to the electrical conductivities (on and a;,).[3] So the Seebeck coefficient

can be expressed as:

0n*Sn+0pSp

S = (1-2)

ontop

where g, and §, are the electrical conductivity and Seebeck coefficient from electrons, o,

and S, the electrical conductivity and Seebeck coefficient from holes respectively.

When the electrons are dominated (n-type) in the materials, the sign of the Seebeck
coefficient will be negative. When the holes are dominated (p-type), the sign of the Seebeck

coefficient will be positive.

Rload

Figure 1-1. The power generation (Seebeck effect).[2]
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1.1.2 Peltier effect

As shown in Figure 1-2, the Peltier effect is opposite to the Seebeck effect. When an
electrical current flows through the joint of two different materials, the temperature gradient
is created. This effect (Peltier effect) is discovered by the French physicist Jean Charles
Athanase Peltier.[4]

The relation between the heat flow generated by the Peltier effect and the current can be

expressed as:
Gg=1"1 (1-3)

where g is the heat flow generated by the Peltier effect, I1 the Peltier coefficient and / the

applied current.

Peltier effect is connected with the Seebeck effect, because the Peltier coefficient IT is

related to the Seebeck coefficient S by the following equation:

nI=S-T (1-4)

Heat rejection

— T —

ml

Figure 1-2. The active refrigeration (Peltier effect).[2]
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1.1.3 Figure of merit (z7)

The conversion efficiency of a thermoelectric material is characterized by the figure of

merit, z7, defined as:

T=>T=227 (1-5)

where S is the Seebeck coefficient, p the electrical resistivity, x the total thermal

conductivity, o the electrical conductivity. The part S%¢ is termed power factor (PF).[5]

The total thermal conductivity x describes the heat-conducting property. For metals, the

electrical carriers dominate on the heat conduction. For insulators, the lattice phonons play

the main role. For semiconductors, there are two main contributions for total thermal

conductivity.[6] So in a semiconductor, x is composed of the lattice thermal conductivity &t
and the carrier contribution & k¥ = ki + ke. ke 1S assessed by using the measured electrical

conductivity ¢ through the Wiedemann-Franz relation: x. = LoT, where L is the Lorenz

number. For limit of metals and degenerate semiconductor, L = 2.44 - 1078 QWK~2 , while

for limit of nondegenerate semiconductors, L = 1.48 - 1078 QWK ™2,

The total thermal conductivity is calculated by the following equation:

k= DCpa (1-6)

where D is the density of the sample, C,, is the specific heat capacity, and «a is the thermal

diffusivity.[7]

Normally we can get the C, through Dulong-Petit law. Dulong-Petit law means that the

solids have the same molar heat capacity:
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C, = 3R (1-7)

where R means the universal gas constant.

The Dulong-Petit law considers the degrees of freedom of the vibration of the atoms.
According to the equipartition law, if an atom vibrates around the equilibrium position, each
degree of freedom will possess an energy of kg7, where kg is the Boltzmann constant. As
each atom will vibrate in three dimensions, so each atom will have an energy of 3kgT. The

inner energy U of the system equals the averaged energy of each atom multiplies the number
of atoms. One mole of atoms equals Avogadro’s constant Na. Molar heat capacity Cy

equals partial differentiation of inner energy U with respect to T given by the following

equation:
U
Cp,m ~ CV,m = (6_T)V ~ 3NAkB = 3R (1'8)

The specific heat capacity is the heat capacity correlated to the mass of the material. Hence,

specific heat capacity can be calculated using the following equation:
Com = —~ (1-9)

where N is the number of atoms in one formula unit of the compound and M is the molar

mass.

This approximation is called classical theory and the classical theory is valid at high
temperature range. At low temperatures the measured heat capacities will deviate from

Dulong-Petit law and then the Debye model is suitable.

The Carnot efficiency can be used to describe the conversion efficiency of the TE device
as well.[8] The maximum conversion efficiency 7,4, 1S calculated by the following

equation:
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_ Tu-Tc [ J1#2Tm-1 \ _ T+2T -1
Mhmax = "y <JTI?T419 ~ e\ Tazmmte (1-10)
ZIm Th Z1Im Th

where Ty is the temperature of the hot side, T the temperature of cold side, 7. is the

Carnot efficiency and T,,, the mean temperature.

Figure 1-3 shows the maximum TE conversion efficiency # as a function of the temperature
gradient and figure of merit z7 at the clod side temperature 7c = 300 K. When temperature
difference is fixed, thermoelectric device with higher z7T materials will possess higher
conversion efficiency. Therefore, it is of importance to enhance z7 values of thermoelectric

materials. In next section strategies of improving z7 will be introduced and discussed.
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Figure 1-3. The maximum TE conversion efficiency # as a function of the temperature gradient and

figure of merit zT at the clod side temperature 7¢ = 300 K.[9]
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1.2 Strategies to increase z7T

As discussed in last section (1.1.3), z7 is a combination of four physical parameters (S, p,

x and 7). Since three fundamental parameters (S, p, ) are interrelated to each other, it is not

so straightforward to enhance z7 by simply optimizing one of S, p and x. Anyway, in order
to simplify the question, the approaches of optimizing individual three fundamental

parameters (S, p, x) will be discussed separately. In most cases, zT' enhancement normally

results from combined strategies which optimize two of [S (or p), ] or all of [S, p, «].

1.2.1 Strategies to decrease resistivity

The electrical conductivity can be calculated by the following equation:
1
a=;=neu (1-11)

where 7 is carrier concentration, e the elementary charge, and p the carrier mobility. In order
to decrease p or enhance o, carrier concentration and/or carrier mobility should be

increased.

1.2.1.1 Optimizing carrier concentration

Optimizing the carrier concentration is still one of the most effective methods to improve
thermoelectric properties of most TE materials.[10] Generally, the optimum carrier
concentration for good TE materials is in the range of 10" to 10?! cm ™. Normally, there are
two different approaches to tune carrier concentration, i.e., substitution and introducing point

defects.
(1) Substitution:

Extrinsic substitution is a conventional approach to adjust the carrier concentration.[11]

Normally, the method is achieved by filling some guest atoms in a caged structure or alloying
7
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with elements from the nearby columns in the element periodic table.[12] According to the
types of charge carriers (n-type or p-type), the elements (left column or right column) will be

chosen.

Although the method looks simple, choosing a suitable dopant is not so easy in fact. The
reason why some higher TE performances theoretically predicted have not been realized in
the experiments is that the optimum carrier concentration cannot be achieved due to the
solubility limit.[13] In some materials containing two or more elements, there should be two
or more element solubility limits.[14] For example, in CoSb; skutterudite, the research of the
solubility of the different dopant atoms is confusing due to it has two solubility limits

depending on whether it is Co-rich or Sb-rich in this material.[15]

(2) Point defects:

Introducing point defects can tune the carrier concentration as well, including interstitials,
vacancies and antisites.[16] The types and concentrations of these intrinsic point defects are
very sensitive to the composition of the materials. In principle, a smaller difference of
covalent radius and the electronegativity between the cation and the anion leads to a smaller

formation energy of the cation antisite defects.[17, 18]

For example, in the p-type Bi»-.Sb,Tes, difference in covalent radius and electronegativity
between Sb and Te is smaller than that between Bi and Te. So the formation energy of antisite
defects will be reduced and thus carrier concentration will be increased with the increasing

Sb content.[18-20]

1.2.1.2 Improving carrier mobility

A high carrier mobility is required for a good electric conductivity and thermoelectric
performance as well. In a semiconductor, the carrier mobility is related to the electronic
structure and the different scattering mechanisms, including acoustic phonon scattering,

ionized impurity scattering and grain boundary scattering, etc.[21]
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When there are several different parallel carrier scattering mechanisms, their contributions
could be expressed in the Matthiessen’s rule,[22] in which the combined relaxation time zc
can be obtained by the addition of the inverse relaxation times for the different scattering
processes, 7/ = X 7 !, in which 7 means the phonon relaxation time of the ith scattering

process.[23]
(1) Acoustic phonon scattering:

Normally, above room temperature acoustic phonon scattering is dominant among the
different scattering mechanisms in the thermoelectric materials. The scattering of carriers and
the perturbation of the energy bands is caused by the local strain when an acoustic phonon
wave goes through the lattice in the crystal. The process is deformation potential scattering
from acoustic phonons, in which deformation potential is used to describe the coupling
strength between carriers—phonons.[24] Normally different deformation potential coefficients

can affect the carrier mobility greatly.

According to the single parabolic band (SPB) model,[25] the acoustic phonon scattering
carrier mobility is expressed as:

G
mfm£3/252T3/2

Hac ~ (1-12)
where C; is the average longitudinal elastic modulus, m; is the transport effective mass
along the direction of the conduction, my, is single-valley density of states effective mass
and Z is the deformation potential. So if we want to have a high carrier mobility, the

materials should have a large C; and small m;, m;, and Z.
(2) lonized impurity scattering:

In most heavily doped TE materials, the carrier concentration is in the range of 10'? to 10%!
cm . So in the heavily doped semiconductors with high carrier concentrations, the ionized

impurity atoms in the lattice can provide scattering centers for charge carriers. To improve
9
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the carrier mobility, modulation doping is proposed to solve the problem. Modulation doping
can be achieved by embedding a heavily doped minor secondary phase into the pristine
matrix. The charge carriers in the minor secondary phase can be separated from their parent
grains and moved into the pristine matrix. In such case, the carrier mobility will increase

because of the reduced carrier scattering around the ionized impurities.

Chen and Ren et al. successfully demonstrate this strategy by inserting some heavily doped
silicon nanograins into the pristine SiGe matrix.[26, 27] The schematic diagram illustrating
the modulation doping is shown in Figure 1-4. They embed heavily doped silicon nanograins
into an undoped SiGe host matrix. The carrier concentration of silicon nanograins will be
separated from their parent grains and inject into the pristine matrix. The reduced carrier
scattering around the ionized impurities leads to increased carrier mobility. In their

experiment, a large improvement in power factor as well as z7 value has been achieved.

Conduction band
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Figure 1-4. A schematic diagram illustrating the modulation doping.

(3) Grain-boundary scattering:

In nanostructured materials, when the grain size is comparable to the electron mean free
path, grain-boundary scattering will be noticeable.[28] In the single-crystal, the anisotropy of

10
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carrier mobility is generally strong, while the anisotropy of carrier mobility is generally weak
because of the random orientation of the grains in polycrystalline samples. In order to have a
good carrier mobility, we need to reduce the impact of different grain boundaries on the
transport, especially in polycrystalline anisotropic structure samples.[29] Reconstructing the
random grain boundaries in the polycrystal to somewhat-ordered structure could be an

effective strategy.

One approach is the mechanical alignment of the grains through uniaxial compression
during the synthesis, such as hot press and spark plasma sintering.[30, 31] For example, in
both n-type BixTez.1Seo.0 and p-type Bio.sSbi¢Tes samples prepared through SPS, an obvious

electrical conductivity anisotropy is observed, which means the existence of texture.

In textured Bio.s75Bao.125CuSeO obtained through a hot-forging process, Sui et al. achieve a
high z7.[32] The carrier mobility along the direction perpendicular to the pressing direction
is increased greatly. Because of the increase in carrier mobility, the electrical conductivity

and the power factor are increased.

In their experiment, the whole synthesis processing of the samples including four steps is
shown in Figure 1-5, so the as-synthesized, the first hot-forged, the second hot-forged and
the third hot-forged samples with textured microstructures are named as 0T, 1T, 2T and 3T,
respectively. First the mixed raw powders are put in a graphite die followed by cold pressing
and heating at 1023 K to get the as-synthesized bulks (Figure 1-5a). Then the as-synthesized
bulks are ground into powders and sintered by hot press under the 80 MPa stress at 973 K to
get cylinder-shaped samples (Figure 1-5b). The cylinder-shaped samples are cut and
followed by second times and third times hot-forging in larger dies to get the textured bulks

as shown in Figures 1-5¢ and d.

11
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e) Hot- forgmg process

! e

Pressure

Figure 1-5. Typical samples used in the reference: (a) As-synthesized sample (0T); (b) One step hot-
forged sample (1T); (c) Two steps hot-forged sample (2T); (d) Three steps hot-forged sample (3T); (e)

The scheme of hot-forging process.

1.2.2 Strategies to increase Seebeck coefficient

Recently some unique physical mechanisms related to band structure engineering have been
proposed and experimentally achieved in thermoelectric research, such as energy filtering in
PbTe-based nanocomposites embedded with Pb nanoparticles[33, 34], distortion of the
electronic density of states (resonant energy level) in Tl doped PbTe[35], and band

convergence[36-38].

12
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1.2.2.1 Through energy filtering to enhance thermoelectric performance

Normally potential barriers formed at grain boundaries and interfaces can negatively affect
the carrier mobility, but they are possible to play a positive role through enhanced energy
filtering effect (EFE) in thermoelectric materials as well.[39-44] EFE is an additional
scattering mechanism introduced through preferentially scattering low energy electrons, as
illustrated in Figure 1-6.[45] In Figure 1-6, the Seebeck coefficient is proportional to the
integral of the calculated Seebeck distribution versus energy for heavily doped SisoGeoo curve.
Actually low energy electrons will reduce the thermopower because this portion of the
Seebeck distribution is negative. In a nanocomposite system, the obvious scattering
mechanism is grain boundary scattering and interface scattering, which can reduce the carrier
mobility and preferentially scatters carriers with energies lower than the barrier height.[46]
EFE is a good example of how nanostructured materials can be used to improve electrical

transport properties while still maintaining good thermal transport properties.[47-50]
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Figure 1-6. Calculated normalized Seebeck distribution versus energy for heavily doped bulk n-type

SigoGezo. [45]

In metal-based InGaAs / InGaAlAs superlattices, Daryoosh Vashaee and Ali Shakouri’s
work shows that metal-based superlattices with tall barriers can achieve a large z7 ( >5 ) at

room temperature in a detailed calculation.[51] Faleev and Leonard use perturbation theory

13
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and partial wave method to investigate PbTe based composites dispersed with Pb
nanoparticles, and they assume that the electron scattering on spherically symmetrical
interface potentials is independent of other scattering mechanisms. The calculated

thermopower of PbTe-Pb nanocomposite is larger than that of bulk PbTe matrix.[52]

1.2.2.2 Through resonant levels to enhance the density of electrical states
The Mott equation describes a relationship between the Seebeck coefficient and the carrier

properties, and is defined as:

G m?kiT [aln(a(E))

3q 0E E=E;

_ T2kET Fapw) gau(ﬂ)]
3q lp OE u OE E=E;

(1-13)

with carrier mobility pu(E) = go/m*, where g the carrier charge, p(E) and u(E) energy

dependence of carrier density and mobility, m * the effective mass and Eris the Fermi energy.
From the equation, one approach to enhance the Seebeck coefficient is the introduction of
resonant distortion of electrical density of states near the Fermi level (Er) reflected by

increased effective mass m *.

Introducing impurity band energy levels to increase the thermopower has resulted in an
obvious increase in z7.[35, 53] Previously resonant impurity is a concept introduced in solid

state physics for metals. [54-56]

Theoretically Hicks[57] and Mahan[58] predict enhancements in thermoelectric properties
due to an increase in the electronic density of states first. The resonant level can be regarded
as a bound level with an energy that falls above the conduction band edge or below the valence
band edge,[59] creating a local maximum in the electronic density of states, as shown in
Figure 1-7. The figure represents schematically the case for In:PbTe, where the resonant

states are in the conduction band. Band structure calculations show not only impurities create

14
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sharp DOS peaks close to the Fermi level, but also those peaks should be of the similar
character as the host band structure. Results show that d- or even f-state impurities are useful
to improve the thermopower of metals, but s-or p-state resonance levels are more suited to

improve thermoelectric properties of semiconductors.[60-62]

\\onducﬂon ban§

= Resonant

L.

@ state

5

/Valence band’
7000000 7

hyper-deep -,
state

Position in space

Figure 1-7. Schematic energy versus distance diagram where the spheres on the bottom represent
atoms. The periodic potential of the host atoms of the solid is experienced by conduction electrons and
results in the formation of conduction and valence bands, extended states available to the nearly-free

electrons. [59]

1.2.3 Strategies to reduce lattice thermal conductivity

In a semiconductor as discussed above, normally x is composed of the lattice thermal
conductivity xi. and the carrier contribution xe: k¥ = k1. + &.. To get high TE performance, it

is important to explore different strategies to suppress the 1. The most popular method is the

introduction of the multiscale scattering centers to increase the phonon scattering, as listed in

Table 1-1.[63]
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Table 1-1. Different strategies to scatter different wavelength phonons.

Short wavelength ~ Medium wavelength ~ Long wavelength

phonons phonons phonons
point defects v X X
nanostructuring v N X
dislocations X N X
grain boundaries X X N

The lattice thermal conductivity can be estimated by the Matthiessen’s rule. According to
the Matthiessen’s rule, the combined relaxation time is attained by the addition of the inverse
relaxation times for the different scattering processes. Normally the inverse relaxation time is

proportional to the frequencies of the specific phonon scattering modes. So lattice thermal

conductivity xi is related to different phonons scattering modes and frequencies. So to reduce
the k1 we need to suppress the transmission of phonons with various frequencies.[64] As

shown in Figure 1-8, to reduce the i, it is possible to introduce simultaneously all-scale

hierarchical scattering centers into the host, including point defects, nanoscale grain

boundaries and precipitates, dislocations.[65, 66]

In scattering of short wavelength phonons, the contributions from point defects are quite

important. Point defects include vacancies, interstitials, antisites and alloying.[67, 68]

16
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However, the disadvantage of point defects scattering is that the point defects may scatter the

carriers as well, which decreases the mobility.

In scattering of short to medium wavelength phonons, nanostructure engineering is
employed normally.[69] Up to now, the most successful nanostructure engineering method
in TE research is that the increased grain boundaries or the formed nanoscale precipitates.
Ball-milling and melting-spinning are two typical technologies to fabricate nanoscale

powders.[70] Forming nanoscale precipitates in the matrix materials is the effective

nanostructuring strategy to reduce the xi. as well.

In scattering of medium wavelength phonons, dislocations are effective to reduce the i,
and may be formed by deliberate plastic deformation of the samples during the fabrication
process of TE materials.[71, 72] Kim et al. report that a large decrease in xi of the

Bio.sSbisTes because of the dense dislocation arrays formed at the ordered boundaries of

nanograins in the matrix through liquid-phase sintering.[73]
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Figure 1-8. A schematic diagram illustrating the various phonon scattering mechanisms.[66]
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1.3 CusSbSe4 chalcogenide and ZrNiSn half-Heusler

As discussed above, the transport properties are the key criterion to choose a good
thermoelectric candidate. The transport properties are related to the crystal structure directly.
By reviewing the relation between structures and properties of all existing thermoelectric
materials, it can be found that materials with diamond-like structure can achieve the tradeoff
between the scattering of electrons and phonons. Thus it is possible to find a diamond-like
structured TE material with good electric transport properties and thermal transport properties
at the same time. Besides, a good thermoelectric material normally has low thermal
conductivity and charge carrier concentration of 10" ~ 10! cm™ which ensures a high power

factor (S20). Tritt[6] did a hypothetical calculation to show that a corresponding minimum S
should be fulfilled to achieve a certain z7 value. In his calculation, assumed the xi. = 0, the

material would require S =157 pVK™! for zT'= 1 and S = 225 pVK™! for zT'= 2. Of course the
assumption is over simplified and real material will need to have higher S to achieve the
projected zT values. However, it at least emphasizes that high Seebeck coefficient is crucial
to achieve high zT. According to the references,[74-76] CuzSbSes chalcogenide and ZrNiSn
half-Heusler (HH) are two good candidates with high Seebeck coefficient among the
diamond-like structure thermoelectrics. Therefore, Cu3SbSe4 chalcogenide and half-Heusler
are chosen as the investigated subjects in this thesis, and their crystal structures will be

introduced below.

1.3.1 CuzSbSe4 chalcogenide

In chalcogenide Cu3SbSes, the atomic configurations 3d'%4s! for Cu, 5s25p* for Sb, and
4s?4p* for Se atoms are treated as the valence electrons. According to atomic
electronegativities, Cu is the more electropositive element while Se is more electronegative.
For the valence electrons, Cu will lose one valence electron to form Cu®, and Se will gain two
valence electrons to form Se?” ionic states. Sb is a group-V element, so Sb will lose electrons

from the outermost p state to form Sb** valence state or lose electrons from p and s states to
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form Sb>* valence state. In CuzSbSes, to keep the balance of the charges, Sb should be Sb>*

valence state instead of Sb3" valence state.[77]

B O

@Se
ae > b. . .

Figure 1-9. The crystal structure of Cu3SbSes.

The crystal structure of the compound is shown in Figure 1-9. The tetragonal crystal
structure of CuzSbSes is lower in symmetry compared to the cubic system, and its electron
band structure near the Fermi level is dominated by the s states of Sb and p states of Se.[77]
The material has a low lattice thermal conductivity and large Seebeck coefficient due to the
distorted diamond-like structure. In the crystal structure, there are the Cu / Se framework and
the tetrahedral SbSes. The one-dimensional array of the SbSes tetrahedra is inserted into the
three-dimensional Cu / Se framework. There are two inequivalent Cu atoms (two different
Wyckoff sites) in the crystal structure, and both each Cu and Sb atom has four Se nearest

neighbors.

In the structure, it has distorted CuSes tetrahedra and slightly flattened SbSes tetrahedra.
The bond lengths of Sb-Se are larger than that of Cu-Se bonds, so the diamond-like tetrahedral

structure is distorted by the insertion of SbSes. For two inequivalent Cu atoms, the bond
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lengths of Cu-Se are different as well. This difference of Cu-Se bonding increases the
anisotropy of electronic and phonon scattering. The Cu / Se framework is the main pathway
for the hole conduction. Normally through substitution the electrical conductivity can be

tuned in the Cu / Se framework.[74]

Currently, the most interest and attentions have been focused on tuning carrier
concentration of Cu3zSbSes by substitution of Sb and Se sites. For example, Sb is substituted
by Ge[78], Al[79], Sn[80], Bi[81] and In[82] to enhance the carrier concentration and
thermoelectric performance. However, it has been rarely reported to enhance TE performance
of CuzSbSes via Cu-site substitution. To the best of our knowledge, the only one reported
work of Cu-site substitution is Zn substitution[83], but unfortunately compared with the
unsubstituted CuszSbSes the carrier concentration of Zn substituted CuzSbSes is decreased and
the TE performance becomes worse. The representative reported experimental results are

summarized in Figure 1-10. [74, 78-83]
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Figure 1-10. Temperature dependence of figure of merit z7 of different element-doped CuszSbSes.
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In the most reported references, the enhancement of electrical conductivity through the
increase of carrier concentration is the key to enhance TE performance. Is it possible to
improve the performance via increasing the carrier mobility? According to the reference, the
valence band of Cu3SbSes is degenerated shown in Figure 1-11.[84] Figure 1-11 is the band
structure of CuzSbSes in body center tetragonal primitive unit cell (8 atoms / cell). From the
figure we see that it is a direct-band semiconductor and the valence band is degenerated in
the I" point. Normally transport properties of CuzSbSes material are very well characterized
within a single parabolic band (SPB) model and are dominated by the relatively heavy valence
band.[80] Besides the heavy valence band, there are two more light valence bands at the I'
point. If the relatively light valence band can be activated via substitution to contribute the

transport properties as well, it will be highly possible to enhance the carrier mobility.
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Figure 1-11. Band structure of Cu3SbSes in body center tetragonal primitive unit cell (8 atoms / cell).

1.3.2 ZrNiSn half-Heusler

The half-Heusler phase is characterized by the formula XYZ while the full-Heusler phase

has the formula XY>Z. For half-Heusler, X is usually a transition metal, Y is a transition metal,
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while Z is a main-group element of group 14 or 15, most frequently the sp metalloid (Sb) or

metal (Sn).[85]

> o

Figure 1-12. Crystal structure of XYZ (ZrNiSn) half-Heusler compounds.

Figure 1-12 shows crystal structure of XYZ (ZrNiSn) half-Heusler compounds. We can
regard half-Heusler as a kind of stuffed diamond-like structure.[86] In this model ¥ and Z will
form a diamond-like lattice (i.e., the zinc blende lattice). In other degree, X and Z can form a
rock salt structure and in this model Y will locate at one of the two body diagonal positions,
leaving the other one in unoccupied state in the cell. In the structure, it will have one vacant

face-centered cubic sublattice and three filled interpenetrating face-centered cubic sublattices.

We can treat XYZ half-Heuslers as an X"" ion stuffing a zinc blende (YZ)" sublattice.
According to the Zintl-Klemm concept,[87] X is the most electropositive element while Y
and Z are more electronegative. X will donate the valence electrons to Y and Z. So we can
describe half-Heusler as X" (YZ)"". Zintl-anion framework is formed by the (YZ) covalent
tetrahedrally bonded diamond-like sublattice. The electropositive X™* occupies the octahedral
vacancies around the tetrahedral framework. In this model, the number of valence electrons
is 18.[88]
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Figure 1-13. The schematic formation of the density of states in X**(¥2)"". The s—p bonding orbitals of
the tetrahedrally (sp® hybridized) coordinated Zintl-anion framework form the lower energy valence
band (blue) with the X" cation contribution in the valence band edge (orange), because of the X" d-
orbital interaction with the (YZ)" framework. (b) The calculated partial density of states of ZrNiSn,

showing the different elemental contributions. EFr is Fermi energy.[89]

Figure 1-13a is the schematic formation of the density of states in X""(YZ)"". In this figure,
the purple line part is the localized, non-bonding d orbitals of ¥, which forms the flat and
heavy valence band. Y d band has the influence on valence band states of holes. This leads to
a better performance in n-type material compared with the p-type material.[90-92] Because
there is a larger overlap of the bonding s and p orbitals, flat ¥ d orbitals are not at the valence

band edge. The interaction of X element d-orbital and the (YZ)" bonding orbitals form the

valence band edge.

In the case of ZrNiSn, Zr*" d orbitals and Ni d orbitals form the conduction band. Because
Zr*" has the higher electropositivity, the atomic orbitals of Zr** are higher. Although filled d

orbitals show mostly Ni-like character, there is some Zr*" contribution.[93] Figure 1-13b
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shows the calculated partial density of states. From the picture, we see the filled d orbitals are

the interaction of the Zr*" and Ni d orbitals.
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Figure 1-14. Temperature dependence of record values of the figure of merit z7 for some n-type half-

Heusler compounds.

HH compounds have attracted attentions as a promising candidate material for high
temperature thermoelectric applications. Normally, the 18-valence electrons HH systems
have a high effective mass and a large Seebeck coefficient. For instance, at room temperature
the Seebeck coefficient of n-type HH compounds ZrNiSn and HfNiSn are in the range of
=200 pV/K to =400 pV/K.[76] In theory, more than 30 different half-Heusler materials have
been studied by ab initio calculations.[94, 95] In experiment, several half-Heusler
compounds[96-98] have been investigated to improve the thermoelectric properties, among
them ZrNiSn is the most intensively investigated one. Figure 1-14 shows temperature
dependence of record values the figure of merit z7 for some n-type half-Heusler
compounds.[99-104] One of the highest figures of merit (z7 = 1.5 at 700 K) is reported by

Sakurada and Shutoh in n-type (Zro.sHfo.5)0.5Ti0.sNiSni.,Sb, sample.[99] Although attempts to
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reproduce the result failed, their work encourages more and more researchers to investigate

the thermoelectric transport properties of ZrNiSn-based half-Heusler compounds.
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Figure 1-15. Temperature dependence of figure of merit z7 for ZrHf;_.NiSn samples with x =0, 0.25,

0.40 and 0.50.[100]

Alloying different elements at the transition-metal sites of half-Heusler can decrease the
lattice thermal conductivity by induced mass differences and strain fluctuations. One effective
approach is using isoelectronic Hf to substitute Zr. According to the reference,[100] in Zr,Hf;.
«NiSn samples with x = 0, 0.25, 0.40 and 0.50, Zro4HfosNiSn has the best thermoelectric
performance, as shown in Figure 1-15. So in this thesis, we choose Zro4HfosNiSn as our

investigated goal.

The disadvantage for the HH compounds is the relatively high thermal conductivity.
Therefore, over last decades, the main research efforts have focused on methods to decrease
the thermal conductivity. Recently, Makongo et al.[105] and Chai et al.[106, 107] use excess
Ni in the Ni site to form the half Heusler / full Heusler ( HH / FH ) compounds, resulting in
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improving the thermoelectric performance. In the periodic table Co, Cu and Ni are in the
adjacent column and same rows. In consideration of the above results, we expect that excess

Cu and Co may offer similar functions as excess Ni did in half-Heusler.

1.4 The organization of this thesis

In this thesis, all discussions are focused on two types of thermoelectrics: chalcogenide

CusSbSe4 and half-Heusler Zro4Hfo sNiSn. The thesis is organized as follows:

In chapter 2, major experimental is introduced in details, including sample synthesis of
CusSbSes4 chalcogenide and Zro4Hfo sNiSn half-Heusler, characterization methods, apparatus

used in the experiment and their measurement principles.

For Cu3SbSes chalcogenide, as discussed above Cu / Se framework is the main pathway for
the hole conduction. Sm is the rare earth metal and has the f-electron delocalization.[108] So
we choose Sm as the dopant in the Cu site and expect that Sm may engage the light valence
band to achieve an enhanced mobility and higher Z7 values. So we design the experiment

Cu3_.Sm,SbSes (x = 0, 0.0025, 0.005, 0.0075, 0.01 and 0.025) presented in chapter 3.

In chapter 3, through Sm substitution the electronic transport properties of CuzSbSes are
improved and we notice that there is still same space to decrease the lattice thermal
conductivity. According to the reference, experimental results from Skong et al. [78, 109]
indicate that the transport properties (shown by the black line in Figure 1-10) of CuzSbSes-
Cu3SbSs solid solution material is noble due to the low lattice thermal conductivity. Se and S
are in the same column and adjacent rows in the periodic table. Based on the Cu3SbSes-
Cu3SbS; solid solution and the Sm-doped work in chapter 3, we choose double substitutions
of Sm and S to combine the two advantages of high power factor (Cuz_.Sm,SbSes) and low
lattice thermal conductivity (CusSbSes-CuszSbS4). So we synthesize Cuz_.Sm,SbSes.,S, (x =
0, 0.005, 0.0075 and y =0, 0.5, 0.1, 0.15), and the results are presented in chapter 4.
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For half-Heusler Zro4HfosNiSn, to check whether excess Cu and Co can offer similar
functions as excess Ni did, so we design the experiment Cu-excess Zro4HfosNiSn:xCu (x <
0.05) and Cu-doped Zro.4HfosNii,Cu,Sn (¥ < 0.05), and Co-excess Zro4HfosNiSn:zCo (z <
0.05) presented in chapter 5 and chapter 6. In Cu-excess experiment presented in chapter 5
and Co-excess experiment presented in chapter 6, the half-Heusler (HH) / full-Heusler (FH)
nanocomposites can also be achieved. At the same time, phonons scattering at the interfaces
between FH nanoparticles and HH matrix is enlarged significantly, resulting in reducing

lattice thermal conductivity.
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Chapter 2 Experimental

2.1 Sample synthesis and preparation

2.1.1 Sample synthesis of chalcogenide

Polycrystalline Cu3_.Sm,SbSes (x < 0.025) samples and Cuz—.Sm,SbSes.,S, (x = 0, 0.005,
0.0075 and y =0, 0.5, 0.1, 0.15) were synthesized by melting high purity elemental Cu (99.9
%, powder), Sb (99.999 %, shot), Se (99.999 %, shot), Sm (99.999 %, powder) and S (99.9 %,

powder) in stoichiometric proportions.

All the raw materials were sealed into evacuated quartz tubes under high vacuum. The tubes
were heated to 1173 K for 12 h, then cooled to 823 K, and finally quenched in ice water. After
quenching, samples were annealed at 623 K for 48 h to promote homogeneity. The ingots
were pulverized into fine powders. Then the disc-shaped bulk samples were obtained by spark
plasma sintering (SPS, Figure 2-1) for 5 min at 653 K under a pressure of 50 MPa. The

relative densities of bulk samples after SPS exceed 94%.

Figure 2-1. Spark plasma sintering (SPS) apparatus used in the experiment in MPI-FKF Stuttgart.
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2.1.2 Sample synthesis of half-Heusler

The ingots with nominal composition Zro4HfosNiSn:xCu (x < 0.05), Zro.4HfosNii-yCuySn
(v < 0.05), Zro.4Hfo.cN12Sn, Zro.4Hfo.6N11.9sCu0.02Sn and Zro4Hfo sNiSn:zCo (z < 0.05) were
prepared by arc melting (Edmund Biihler GmbH, Figure 2-2) of stoichiometric amount of Zr
(lump, 99.8%), Hf (rod, 99.8%), Ni (shot, 99.95%), Sn (shot, 99.95%), Cu (powder, 99.9%)

and Co (powder, 99.9%) under an argon atmosphere for several minutes.

The ingots were remelted at least four times to ensure homogeneity. The obtained ingots
were mechanically milled into fine powders. The obtained powders were loaded into the
graphite die and compacted by spark plasma sintering at 1433 K for 5 min under 50 MPa in
vacuum. The as-sintered samples were annealed at 1173 K for one week. The relative

densities of annealed bulk samples exceed 94%.

Figure 2-2. Arc melting equipment (Edmund Biihler GmbH) used in the experiment.
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2.2 Characterization methods

X-ray diffraction (XRD) with Cu K, radiation was used to check the phase constitutions of
the samples. Moreover, the pristine sample was packed in sealed thin-walled glass capillary
(d=0.5 mm) and analyzed by temperature-changing XRD. A Bruker D8 Advance in Debye-
Scherrer geometry equipped with a (111) Ge monochromator (Cu-Ky1) and a Vantac detector
was used for temperature-dependent XRD measurements. Refinements of the unit cell
parameters were carried out by LeBail fitting[110] using the FULLPROF 2.k program[111].
Unpolarized infrared reflectivity measurements were performed on sintered bulk materials at
room temperature over a broad energy range (w = 100 cm! — 24000 cm™') with a Bruker
vertex 80 Fourier-transform IR spectrometer coupled to a microscope (Bruker Hyperion®).
The bulk materials have been polished to have a shiny and flat surface, which allow us to
obtain a good absolute value of the reflectance. The bulk modulus was derived by
nanoindentation (Nanoindenter XP, Keysight®) with a pyramidal Berkovich®  tip.
Calculations for the modulus were performed based on Oliver and Pharr (LIT) model[112],
and the bulk modulus of the samples is about 65-67 GPa. The X-ray photoelectron
spectroscopy (XPS) was used to determine the chemical state of the element in the
compounds. The microstructure of samples is observed by scanning electron microscope
(SEM). Phase characterization of the nanoparticles was carried out using a
transmission electron microscope (TEM). TEM analysis was performed on lamellas which

were prepared by in situ lift-out technique using a FEI Scios DualBeam FIB/SEM.

The electrical resistivity and thermopower were measured by ZEM-3 (ULVAC-RIKO®)
in helium atmosphere. The uncertainty for electrical conductivity and thermopower is + 7%
and £ 7%. Hall coefficients were measured on a physical property measurement system
(PPMS, Quantum Design®) in a magnetic field up to £ 0.5 T, and also cross checked via high
temperature Hall Effect Systems (Lakeshore®) in a magnetic field up to = 0.8 T. The
estimated error of Hall coefficient is within + 10%. The thermal diffusivities a were measured

on disc samples (2—3 mm thick) with a NETZSCH LFA-457 apparatus in argon atmosphere.
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The thermal conductivities xk were calculated according to k= DCpa, where C;, is heat capacity

obtained by differential scanning calorimetry (DSC404, NETZSCH®), and D is the density

measured using the Archimedes method. The uncertainty for thermal conductivity is £ 10%.

2.2.1 XRD

The phase analysis is done by a Rigaku SmartLab X-ray Diffractometer as shown in Figure
2-3.

AR ALY
ENNENANVRRNRNNN s

Figure 2-3. Rigaku SmartLab X-ray Diffractometer.

The measurement parameters are listed:

Measurement mode: 6/ 260 mode

Radiation type: Cu-Ka1 2 radiation

Kjp Filter: Nickel foil
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Slits: 5° Soller slits

Beam slit width: 10 mm

Geometry: Bragg-Brentano geometry

Angle range: 10°-90°.

Step width: 0.04°

Step duration: 0.3 s

Figure 2-4. The schematic of Bragg's law.

Atoms are regular arrays in crystals. When an X-ray strikes an electron, the electrons of
atoms will emanate secondary spherical waves. In most directions the waves are destructive
interferences, however they are constructive interferences in some specific directions, which
appear as spots on the diffraction pattern called reflections and are determined by Bragg's law

(shown in Figure 2-4):

2dsin@ =ni (2-1)
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where d means lattice spacing, 6 is the incident angle, » means an integer, and 4 is the

wavelength of the beam.

2.2.2 LFA

Thermal diffusivity is obtained through a Netzsch laser flash system (LFA-457) shown in
Figure 2-5.

Figure 2-5. Netzsch laser flash system (LFA-457).

LFA measurement principle is shown in Figure 2-6. The laser pulse heats the bottom of the
measured sample. The energy will transfer from the bottom of the sample to the top. So, the
detector can measure the changing of time-dependent temperature.[113] The mathematical
model of this temperature increase permits the determination of the temperature-dependent

thermal diffusivity.[113]

The specific heat capacity can be attained by comparison with a standard sample offered

by the company measured in the same conditions. The uncertainty of the value measured by
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LFA is around 10-20 %. So more precise value of heat capacity should be attained by

differential scanning calorimetry (DSC).

detector

0!

protective tube

thermocoupl sample

power source heating furnace

Figure 2-6. Measurement principle of LFA.[113]

2.2.37ZEM

The electrical resistivity and Seebeck coefficient are measured by a Ulvac Riko Inc. ZEM-

3 system shown in Figure 2-7.

The sketch of ZEM-3 is shown in Figure 2-8. The measured bar-shape sample is mounted

between the upper and lower blocks. The Seebeck coefficient is calculated by the equation:

_ dE
(T,—Ty)

(2-2)

To create a temperature gradient, the heat from the lower block goes through the sample in
a fixed measurement temperature. Through the thermocouples we can get the two different
temperatures ( T, and T; ). At the same time the thermal electromotive force or the Seebeck

voltage dE is obtained.[114]
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Figure 2-7. ZEM-3 system (Ulvac Riko Inc.).

Through four-point probe method one can get the electrical resistivity. A constant current

will go through the sample, so the voltage gradient dV between the same thermocouples can

be measured as well.

Constant
current
power supply

Heating furnace

Upper block

>

Sample

Sample temperature T,

Thermocouples

|

Sample temperature T,

9P0J1J9|9 JUalin)

&
<

dv, dE

A 4

Lower block

Temperature difference setting heater

Figure 2-8. The schematic of ZEM-3. [115]
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2.2.4 SEM

The microstructure of samples is observed by scanning electron microscope (SEM). The
electron will interact with the nucleus and electrons of the sample when high energy electron
beams focus and scan over the surface of the sample. Figure 2-9 shows the different signals
created including secondary electrons, back-scattered electrons, characteristic X-rays, light
(cathodoluminescence), specimen current and transmitted electrons. Secondary electrons
images can provide us the surface morphology of the sample and backscattered electrons

images can provide us the information about different phases of the sample.[116]

Electron beam

X-Rays Cathadoluminescence

Auger electrons

Backscattered electrons
Secondary electrons

Sample

Figure 2-9. The multitude signal types of SEM.[117]

2.2.5 PPMS

The Hall coefficients of samples are measured by physical property measurement system
(PPMS) from Quantum Design shown in Figure 2-10. Then the carrier concentration can be

calculated through the following equation:
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Ry = (2-3)

where Ry is the Hall coefficient, n the carrier concentration, e the elementary charge.[118]
According to the Hall carrier concentration from PPMS and resistivity from ZEM, we can get

the Hall carrier mobility (equation 1-11 in chapter 1).

Figure 2-10. PPMS (Quantum Design).

The low temperature resistivities of samples are measured by van der Pauw method in

PPMS as well. The resistivity can be calculated through the following equation:

p = o |Fantfec] p ez (2-4)

In2 2 RBc

where A B C and D mean 4 corners of the samples, R means the resistance, and f is the

. . (R : :
function of ratio (Rﬂ) and can be given approximately as:
BC
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f=1- [RAB—RBcr m2 _ [RAB_RBC]4 {(an)Z _ (ln2>3} (2-5)

RAB+RBC 2 RAB+RBC 4 12

2.2.6 TEM

A transmission electron microscope (TEM) is used to analyze the samples in the realms
from microspace to nanospace. As shown in Figure 2-11, the TEM consists of four parts:

electron source, electromagnetic lens system, sample holder, and imaging system.
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l:i.:i- 75:' - Projection lens
=i =
== =4
Imaging plate Imaging

Figure 2-11. The schematic outline of a TEM.[119]

TEM can give high-resolution and high magnification imaging to show the detailed micro-
structural information. Through diffraction pattern, X-ray and electron-energy analysis, TEM
can investigate the crystal structures, orientations and different chemical compositions,

nanoprecipitates in the samples.[120]
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2.2.7 XPS

To get more information about Cu in the compounds Zro4HfosNiSn:xCu, the X-ray
photoelectron spectroscopy (XPS) experiment is carried out to determine the chemical state
of the Cu element in the compounds. In the XPS experiment, we measure around 3-7 nm deep
in the samples, so we assume that the oxide is on the surface while the metallic components

are below the surface.

Ejected photoelectron,

kinetic energy E;,
X-ray energy,

SN /

Free electron leve

Work function,

Conduction band
onduction ban W,

Femi level
Valence band

Binding energy,
E,

Figure 2-12. Principle of XPS.[121]

X-ray photoelectron spectroscopy (XPS) is a surface characterization technique. XPS
shows the chemical elements at the surface and the nature of the chemical bond information
between these elements.[122] Photoemission principle of XPS is shown in Figure 2-12: when
an X-ray attacks the surface of the sample, some electrons under the fermi level will be excited

to escape.[123] The binding energy Ey can be expressed as:

Ey = hve — Eyin — Wy (2-6)

where W; means work function, E};, kinetic energy of ejected photoelectron, vy
frequency of X-ray energy, h Plank constant.
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In summary, the detailed experimental procedures for CuzSbSes and half-Heusler are shown

in Figure 2-13.

phase analysis
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raw materials E——) ingots ) powder
b pellets
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c
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LFA

thermal diffusivity bars and squares

Seebeck coefficient
% \

electric resistivity

Hall coefficient
XRD X-ray Diffraction /
Hall concentration

SPS Spark Plasma Sintering

Sdd

LFA Laser Flash Apparatus

PPMS  Physical Property Measurement System Hall mobility

Figure 2-13. A schematic figure demonstrating the detailed experimental procedure.
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Synthesis and Thermoelectric Properties of Sm Doped Chalcogenide CuszSbSey

Chapter 3 Synthesis and Thermoelectric Properties of Sm Doped

Chalcogenide Cu3SbSes

3.1 Abstract

The synthesis and thermoelectric performances of Cus_.Sm,SbSes (x < 0.025) samples are
investigated in this chapter. High thermoelectric performance of a material arises from
various compromises between adversely inter-dependent transport properties. A key tradeoff
is the 3-way interplay between the carrier concentration nu, carrier mobility un, and effective
mass m". Doping typically changes the electronic structure in a way that all three quantities
are affected. While it is rather obvious that the carrier concentration is changed, dopants give
rise also to additional scattering and thereby generally decrease the carrier mobility.
Therefore, it is rare to see carrier concentration and carrier mobility simultaneously increase
upon doping. In Cu3SbSes, however, we have observed that slight Sm doping increases both
carrier concentration and carrier mobility owing to details of the band structure and the
engagement of a light valence band by Sm doping. In addition, Sm doping dramatically
reduces the lattice thermal conductivity by enhancing point-defect scattering of heat carrying
phonons. As a result, we have attained a z7 of ~1.0 at 648 K for CuzSbSes:Sm at a carrier

concentration of 4.3 x 10'® cm>.

This work discussed in this chapter is in preparation for publication.
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3.2 Introduction

Research on thermoelectric materials is an active area in science and engineering in the
wake of energy and environmental crises in recent years. Without moving parts, greenhouse
gas emissions and noises, all solid-state thermoelectric devices are promising for energy
harvesting of waste heat and refrigeration. As discussed in chapter 1, zT depends crucially on
the material’s electrical and thermal properties at the same time. Furthermore, it is instructive

to define a second quantity, namely, the material’s quality factor B.[124]

% 3
(™ /m)2)
Klat

B~ T2 (3-1)

where m”, mo, u, xa, are the effective mass, free electron mass, carrier mobility, and lattice
thermal conductivity, respectively. The product of x4 and (m"/mo)*? is called the weighted
mobility. In light of Eq. (3-1), a good thermoelectric material should have a large weighted
mobility and, at the same time, a low lattice thermal conductivity, which can be regarded as

a weaker version of the "electron-crystal phonon-glass” (ECPG) paradigm.[125]

Enhancing the weighted mobility is a challenge in that the two governing contributors u
and m” are both determined by the electronic band structure and scattering mechanism.
Experimentally, there is no simple way to tune u and m" separately. Substitution doping has
been the primary approach to tune u and m” since the beginning of modern thermoelectric
research.[126] Doping directly determines the carrier concentration 7, which in turn affects u
and m". n and u are generally inversely inter-dependent because the dopants not only
contribute extra carriers but also lead to more scattering of the carriers which decreases u.
Modulation doping is a promising approach in this regard but its implementation has inherent

restrictions.[27]

To give new insights into the weighted mobility, it is instructive to inspect u and m” of
state-of-the-art thermoelectric materials such as PbTe[37, 127] and SiGe[128]. These

materials possess a high weighted mobility with a cubic crystal structure. The obvious
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common character of these materials is that their band structures near the Fermi level are
dominated by s or p states (orbits). An immediate question arises as to whether a material
with an s- or p-states dominated Fermi surface but a lower crystal symmetry would be able to
have a large weighted mobility. This is the motivation of our present work on Cu3SbSes4

compounds.

Copper chalcogenides have recently received increasing attention due to a high
thermoelectric performance and low raw material costs. Good examples are the mixed
conductor CuxSe with a liquid-like phonon behavior[129] and the layered oxyselenide
BiCuSeO[130, 131] The tetragonal crystal structure of CuszSbSes is lower in symmetry
compared to the cubic system, and its electron band structure near the Fermi level is

dominated by the s states of Sb and p states of Se.[77]

From density functional theory (DFT) calculations with spin-orbit coupling, shown in
Figure 3-1a, we can determine a rather flat (i.e. heavy) band around Er(band H) which is
dominating the transport properties. Results reported by Wei et al. confirmed that the
transport properties of CusSbSes material are very well characterized within a single parabolic
band (SPB) model.[80] However, through appropriate doping / substitution, a much lighter
band (band L) can be activated to contribute also to the transport of electron holes and,

consequently, the carrier mobility can be increased.

Figure 3-1b is B factor versus mobility over lattice thermal conductivity at 325 K for the
pristine and Sm-doped Cu3SbSe4 specimens. The carrier concentration # is given in units of
cm. Figure 3-1c¢ is temperature-dependent figure of merit z7. Figure 3-1d is a comparison
of different element-doped CuszSbSes compounds. In the present work, we achieve
simultaneously an enhanced weighted mobility via engaging the light valence band and
reduced lattice thermal conductivity by strengthening point-defect scattering of heat carrying
phonons, resulting in higher B factors shown in Figure 3-1b and z7 values shown in Figure

3-1c. The highest zT of ~1.0, which is unprecedented for CusSbSes compounds prepared by
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a melting method, is achieved for Sm-doped CusSbSes with a carrier concentration of 4.3e18

cm? (Figure 3-1d). [74, 78-83]
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Figure 3-1. (a) Calculated band structure of CuzSbSes including spin-orbit coupling (SOC). (b) B factor

versus mobility over lattice thermal conductivity at 325 K for the pristine and Sm-doped CusSbSe,

specimens. The carrier concentration 7 is given in units of cm™. (¢) Figure of merit z7 as a function of

temperature for the pristine and Sm-doped CuszSbSes specimens. (d) A comparison of different element-

doped CusSbSes compounds.

3.3 Experimental procedure: DFT calculations

46



Synthesis and Thermoelectric Properties of Sm Doped Chalcogenide CuszSbSey

The electronic structure of CuszSbSes was obtained by using the experimental crystal
structure. Density functional theory (DFT) calculations were performed with the VASP
(Vienna ab initio simulation package) code[132] using the Heyd-Scuseria-Ernzerhof (HSE)
hybrid functional[133] for electronic exchange and correlation and a 8 x 8 X 6 k-point grid
including the Gamma point. Spin-orbit coupling is also included in the calculation. By
analyzing the band structure we find an energy gap of 0.16 eV at the Gamma point I'. While
the highest valence band is rather flat (i.e. heavy) only 10 meV below a band with much larger

slope (i.e. lighter effective mass) is found.

3.4 Results and discussion

3.4.1 Phase constitution characterization

Table 3-1. The nominal composition and carrier concentration » for the samples.

Sample name Nominal composition n (cm™)

3.1e18 CusSbSes 3.1(2) el8

3.4el8 Cu2.9975Smo.0025SbSe4 3.4(4)el8

3.6el8 Cu2.995Smo.00sSbSe4 3.6(4) el8

4.3el18 Cu2.9925Smo.0075SbSe4 4.2(5)el8

4.2e18 Cu2.99Smo.01SbSe4 4.1(8) el8

4.5¢18 Cu2.975Smo.025SbSes 4.4(7)el8

As discussed above, doping alters the carrier concentration, which in turn governs the

weighted mobility. Since the transport properties directly depend on the carrier concentration,
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the room temperature Hall carrier concentration is used to identify the samples. Table 3-1
summarizes the nominal composition, and the corresponding carrier concentration of as

prepared Cuz_.Sm,SbSes (x < 0.025) samples.

In this study, the carrier concentration was derived from the Hall coefficient. We hereafter
use the carrier concentration to denote the Sm-doped samples, in the form of “Cu3SbSes:Sm,
n”, where the n is the numerical value of carrier concentration in the units of cm=. From
Table 3-1, we see that even in the undoped sample, there are Cu and Se deficiencies and the

similar results are found in Wei et al.” work.[134]
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Figure 3-2. XRD patterns of the pristine and Sm doped CuzSbSes samples.

Phase constitutions of the pristine and Sm doped CuszSbSes samples are investigated by
XRD, as shown in Figure 3-2. From Figure 3-2, all diffraction reflections can be well
indexed to the tetragonal CusSbSes structure. This exhibits that no obvious impurity phases
are witnessed in the produced specimens. To make sure there is no phase transition and phase
separation during our processing, a Bruker D8 Advance in Debye-Scherrer geometry

equipped with a (111) Ge monochromator (Cu-Ka;) and a Vantac detector is used for
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temperature-dependent powder X-ray diffraction measurements shown in Figure 3-3a. We

test the temperature-changing XRD from room temperature (RT) to 50 °C, 100 °C, 150 °C,

175 °C, 200 °C, 225 °C, 250 °C, 300 °C, 350 °C and then cool down to the room

temperature finally. From Figure 3-3b we can see that there are only obvious peak shifts

towards lower angle with the temperature increasing due to the lattice expansion.
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Figure 3-3. (a) Temperature-changing XRD pattern of Cu3;SbSes and (b) peak shift due to heat

expansion at high angle.

Refinements of the temperature-changing XRD pattern of the unit cell parameters are
carried out by LeBail fitting[110] using the FULLPROF 2.k program[111] and the results are
shown in Table 3-2. From the Table 3-2, we can conclude that the unit cell parameters a, ¢

and V are increasing from room temperature (RT) to 50 °C, 100 °C, 150 °C, 175 °C, 200 °C,
225 °C, 250 °C, 300 °C, 350 °C. We notice the unit cell parameters at RT1 (room

temperature before heating) are larger than that of RT2 (room temperature after heating).
There are Cu and Se deficiencies in the compound, so after heating, the unit cell parameters

will be kind of smaller because of the evaporation of Cu and Se.
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Table 3-2. Results of LeBail fits of CuzSbSes.

a/ pm ¢/ pm V/I10°pm® Rp/ % Rwp/ % RBrage/ % 3

RTI  565.52(1) 1126.06(2) 360.13(1) 9.19 12.6  4.05 1.21

323K 565.64(1) 1126.24(3) 360.34(3) 9.84 13.6 0.137 1.47

373K 566.01(1) 1126.71(3) 360.96(1) 930 12.5  0.588 1.17
423K 566.37(1) 1127.16(3) 361.56(1) 11.0 143 959 1.47
473K 566.73(1) 1127.64(4) 362.18(2) 12.8 163 573 1.87
523K 567.11(2) 1128.12(4) 362.81(2) 13.9 17.7  97.0 2.15
623K 567.92(1) 1129.07(2) 364.16(1) 10.1 134 825 1.18
RT2  564.87(2) 1124.80(5) 358.90(2) 9.09 124  0.143 1.17

3.4.2 Decoupling of electrical and thermal properties

The temperature-dependent electrical resistivity of the pristine (3.1e18) and Sm-doped
CusSbSes specimens is presented in Figure 3-4a. The electrical resistivity of CuszSbSes is
significantly reduced upon slight Sm doping, owing to the enhancement of both carrier
concentration and Hall mobility. Fitting the resistivity of pristine CuzSbSes with the Arrhenius
relation p = poexp(Ea/ksT), where po, E. and kg are pre-exponential factor, apparent activation

energy for the conduction, and the Boltzmann constant, respectively, leads to an apparent
activation energy and band gap (E; = 2E;) of ~ 0.13 €V and 0.26 €V quite close to values

reported in literature.[80]
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Figure 3-4. (a) Temperature dependence of electrical resistivity of the pristine (3.1¢18) and Sm-doped
CusSbSes specimens. (b) Temperature dependence of thermopower of the pristine and Sm-doped
CusSbSes specimens, and inset is the frequency dependence of the absorption coefficient of the pristine
sample (3.1e18) and Sm-doped CusSbSes (4.3¢18) sample. (c) The Hall mobility as a function of the
carrier concentration for the pristine and Sm-doped CusSbSes, and the purple solid line is for pristine
CusSbSes with my" = 1.2m.. (d) Pisarenko plot of the pristine and Sm-doped Cus;SbSes at room

temperature, and the black solid line represents the pristine CuzSbSes with mg* = 1.2m..

Figure 3-4b displays the temperature-dependent thermopower. Over the entire temperature

range, the thermopower is positive, indicating a p-type conduction with holes as the major
charge carriers. Using the Goldsmid-Sharp formula Eg = 2€Sy,,4Ts, . ,[135] band gap E,

of the pristine sample and the CusSbSe4:Sm, 4.3e18 sample are around 0.28 eV and 0.32 eV,
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respectively. Apparently, Sm doping slightly opens a band gap. In addition, the band gap was
estimated by optical properties using unpolarized infrared reflectivity measurements. The
optical conductivity was extracted from the reflectivity data via Kramers-Kroning
transformation. At low frequencies, the data were extrapolated to zero frequency with a

constant value, while the high energy part were extrapolated up to 500000 cm™! using a free-

electron model R(w)~w™*. The frequency-dependent absorption coefficient a (x o(w))
times the photon energy w were fitted with the formula ahw o (hw — Eg) /2 assuming a

direct transition above the gap,[136] where E, is the direct energy gap, g(w) is the real

part of the conductivity. The inset of Figure 3-4b is the frequency-dependent the absorption
coefficient of the pristine sample (3.1e18) and Sm-doped Cu3SbSes (4.3¢18) sample. As

shown in the inset of Figure 3-4b, E, of the undoped sample and Cu3SbSes4:Sm, 4.3¢18 are

found to be ~ 0.35 eV and 0.37 eV, respectively. A similar band gap of CuszSbSes is reported
in Zn4Sb3-CuzSbSes nanocomposites by Zou et al. using an UV-visible absorption

spectrometry.[137]

The increase of the band gap by Sm doping also leads to a suppression of the bipolar effect,
thus, improving the figure of merit. In thermoelectrics, the bipolar effect is detrimental as the
thermopower will be suppressed if electrons and holes are both present.[138] As shown in
Figure 3-4b, the crossover temperature of thermopower has been shifted to ~ 80 K higher

temperature due to the larger band gap.

Figure 3-5 is the Hall mobility as a function of temperature for the pristine and Sm-doped
CusSbSes from PPMS. The Hall mobility of all the samples decreases with increasing
temperature, roughly following a 7-*2 law that is expected from electron-acoustic phonon
scattering. Surprisingly, the Hall mobilities of Sm-doped samples are higher than that of
pristine CuzSbSes.
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Figure 3-5. Hall mobility as a function of temperature for the pristine and Sm-doped Cu3SbSe4 from

PPMS.
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Figure 3-6. Hall carrier density as a function of temperature for the pristine and Sm-doped Cu3;SbSe4

from PPMS.
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The measured carrier concentration ny at different temperatures from PPMS is shown in
Figure 3-6. The carrier concentrations of all the samples increase with increasing temperature
and Sm doping generally increases the carrier concentration but not in a linear relation with

the nominal Sm doping ratio.
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Figure 3-7. Hall carrier density as a function of temperature for the pristine and Sm-doped Cu3;SbSe4

from high temperature Hall Effect System.

To confirm the trend of the changing of carrier concentration, we use the Van der Pauw
method in a magnetic field up to + 0.8 T to measure the carrier concentration as well, shown
in Figure 3-7. The measured carrier concentration ny at different temperatures from PPMS
and using the Van der Pauw method in a magnetic field up to £ 0.8 T match satisfactorily.
Figure 3-4¢ shows the carrier concentration dependence of Hall mobility un. In the SPB

model, un in a system with a reduced chemical potential # could be expressed as[80]:

_3vm Fay,0 eh*pvA2Ny /3 Fo1,m

vm = 3-2
Hn g Ho Fo(m) 2vZm* 2 (kgT) 282 Fo(n) (3-2)

xMdx

B =l Teoasn (3-3)
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where uo 1s the nondegenerate limit of mobility governed by the acoustic phonon scattering
process, via 1s the longitudinal speed of sound, Nv is the degeneracy of band, 7 is the reduced
Planck constant, # is the reduced Fermi level Er/(ksT), and = is the deformation potential

coefficient.

Though the SPB model is oversimplified, it can provide useful information about the trend
of change when applied on a multiple-band system like CuzSbSes. Here we use the data via
of 3859 ms™!,[77] Nv = 3[139] and a deformation potential coefficient = of 15 eV at 300
K.[80] The SPB model provides a good description for the undoped sample, with un
determined to be 90 ¢cm?V~'s”!. Our result are consistent with other literature reports on
pristine samples [74, 80, 81, 140, 141]. On the other hand, the mobility of the doped sample,
is about 87% higher than this value. m" can be calculated from the carrier concentration
dependence of thermopower (Pisarenko plot, Figure 3-4d) for each sample and reveals a clear
decrease when going from pristine to doped samples. A smaller effective mass usually means

more mobile carriers and a higher thermoelectric performance.[37, 142]

Previous band structure calculations for CusSbSe4 suggest that the valence band edge at the
I" point consists of a doubly degenerate band and a single light band about 10 meV below.
There are two possibilities occurred in the experiment. One is the shift of the fermi level.
Consequently, as the chemical potential moves deep into the valence bands with increasing
carrier density, the single light band begins to play a more noticeable role in the transport,
leading to a smaller m” when analyzed with the SPB model. The doping ratio is quite relevant
for carrier mobility as well. When the doping ratio of Sm is increased further, the mobility
will decrease slightly, as shown in Figure 3-4¢ and Figure 3-5. Another possibility is the
thermally activated behavior. Because the properties are tested above the room temperature,
the hole in the light valence band is activated to the heavy band thermally. So the carrier

mobility comes from the contribution of both heavy and light bands.
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Figure 3-8. (a) Hall carrier density as a function of temperature from 5 K to 300 K for the pristine and
Sm-doped Cu3SbSes.(b) Hall carrier mobility as a function of temperature from 5 K to 300 K for the

pristine and Sm-doped Cu3SbSes.

To get more information about the transport properties, we measure the low temperature
Hall carrier density nu from 5 K to 300K. The measured carrier concentration and mobility
from PPMS is shown in Figure 3-8. The carrier concentrations of all the samples increase
with increasing temperature from 5 K to 150 K and decrease with increasing temperature
from 150 K to 300 K. The trend of carrier mobilities of the three relatively heavily doped
samples (4.2e18, 4.3e18 and 4.5e18) are quite different from other three samples. Specially,
when the temperature is lower than 50K, carrier mobilities of the three relatively heavily
doped samples are much larger than those of other three samples. At the low temperature
range, the thermal activation is not so obvious, so the improved transport properties should

come from the changing of the band structure.

The power factor PF (= $%/p) of all the Sm-doped CuzSbSes samples is presented in Figure
3-9. The PF of doped samples is indeed elevated as compared with that of CuzSbSes in the
entire studied temperature range. At 650 K, the PF values reach 1.07 x 10 W/mK? and 1.15
x 1073 W/mK? for CuszSbSes:Sm, 3.6e18 and CuzSbSes:Sm, 4.3¢18, which is around 40% and
50% larger than that of the pristine compound (7.7 x 10~* W/mK?).
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Figure 3-9. Power factor as a function of temperature for the pristine and Sm-doped Cu3SbSes.

3.4.3 Reduced lattice thermal conductivity and phonon scattering mechanisms.
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Figure 3-10. Temperature dependence of (a) total thermal conductivity and (b) lattice thermal

conductivity for the pristine and Sm-doped CuszSbSes specimens.

Figure 3-10a displays the temperature-dependent thermal conductivity x. It can be seen that

k of all the specimens drops with increasing temperature. xi. of the doped samples is much
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lower than that of the pristine sample. In a semiconductor, xis composed of the lattice thermal
conductivity xi. and the carrier contribution x:: K = k1. + ke. ke 1s normally assessed by using

the measured electrical conductivity ¢ through the Wiedemann-Franz relation: k. = LoT,

where L 1s the Lorenz number.
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Figure 3-11. Temperature dependence of calculated Lorenz number L for the pristine and Sm-doped

CU3SbSe4‘

The Lorenz number is evaluated by using the measured thermopower S data.[143] The
calculated L values are close to the non-degenerate limit (Figure 3-11). The low L values thus
imply a partially degenerate character in the samples. To get the thermal conductivity, we
measure the thermal diffusivity from LFA and heat capacity from DSC. Figure 3-12 shows
Cp as a function of temperature for the pristine and Sm-doped Cu3SbSes from DSC. C; of the

doped samples is higher than that of the pristine sample.

The & of the doped samples is lower than that of the pristine sample, mainly resulting from

the enhancement of phonon scattering, as revealed in Figure 10b. The exponential fall is

following 7! relation, indicating the dominance of Umklapp phonon-phonon scattering
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mechanism. For instance, 1. of the doped sample CuzSbSes:Sm, 4.5¢18 is only 0.65 W/mK
at 648 K, which is about 48 % smaller than that of the pristine sample (1.25 W/mK). However,

the xi of the doped samples is still higher than the theoretical minimum lattice thermal

conductivity, xLmin plotted in Figure 10b calculated by the Cahill's formula[22] and 1s found

be around 0.47 W/mK from 300 K to 650 K, indicating there is still space to improve.
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Figure 3-12. G, as a function of temperature for the pristine and Sm-doped Cu3SbSe4 from DSC.

The complex interplay of phonon scattering can be valued through the Callaway model. In

this model, the phonon scattering can be estimated as[144]:

fp 4,x
k k / x*e
K = Zn—‘;v(?B)3T3 Jo T oy dx (3-4)

where x equals Zw/ksT (w 1s the phonon frequency), v the phonon velocity and 6p the Debye
temperature. The Debye model gives the relationship between Debye temperature 0p and
Debye frequency wp as ksfp = wp. The phonon velocity v calculated from transverse acoustic
velocities vra and vra’, (TA denoting a lower group velocity and TA’ a higher one) and
longitudinal acoustic velocity via via
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The Debye temperature and the phonon velocity used here are from Zhang et al.’s work

and Qiu et al.’s work listed in Table 3-3. [77, 145]

Table 3-3. Average longitudinal acoustic velocity (LA), transverse acoustic velocity (TA/TA’),
Gruneisen parameters (yTA/TA’/LA), Debye temperatures (DTA/TA’/LA), and phonon velocities

(VTA/TA’/LA) used in calculation from Zhang ef al.’s work and Qiu et al.’s work.

Parameter Zhang et al.’s work Qiu et al.’s work
YTA 1.27 0.85
YTA’ 1.14 0.83
VLA 1.26 1.34
6ora (K) 60 64
Opra’ (K) 65 67
OoLa (K) 78 77
VTA (M/s) 1485 1806
VA’ (m/s) 1699 2096
VLA (m/s) 3643 3859

Thermal conductivity is limited by Umklapp phonon-phonon scattering, point defect
scattering, and boundary scattering. We neglect the small contribution from the normal
phonon-phonon and phonon-electron scattering interactions here. In the Matthiessen’s

rule,[22] the combined relaxation time 7c can be obtained by the addition of the inverse
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relaxation times for the different scattering processes, ./ = X i ! , in which 7; means the

phonon relaxation time of the ith scattering process.

The inverse relaxation time zu can be described:[146]

_ hy?w@?T ]
T = g eXP(= D) (3-6)

where y 1s the Griineisen parameter, J volume per atom, and M the average mass. Here y used

for calculation is 1.22 and 1.01 from the references listed in Table 3-3 respectively.[77, 145]
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Figure 3-13. (a) Calculated phonon relaxation time versus frequency of point defect scattering at 325
K for the pristine and Sm-doped CuszSbSe4 specimens. b) Comparison of experimental and calculated

lattice thermal conductivities at 325 K.

Point defects scattering comes from the mass and the strain fluctuations in the crystal lattice.

D 1S given by

-1 _ -1 -1 _
Tpp =Tm + Tg =

1% 4
e (hy + T3 (3-7)
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where /v and [s are the disorder scattering parameters due to mass and strain field

fluctuations, respectively. The disorder scattering parameters are given by[147]

- 2
tan"tu 2 _ nhiga kE(FM n 1.,5) (3-8)

EVE
I~

where «,» Kf, u, D are the lattice thermal conductivity of the crystal with disorder, the

lattice thermal conductivity of the crystal without disorder, the disorder scaling parameter,
the average volume / atom, respectively. The calculated disorder scattering parameters for the
pristine and Sm-doped Cu3SbSes specimens according to the values from Zhang et al.’s work
and Qiu et al.’s work are listed in Table 3-4. Sm doping enhances /v and /s, resulting in

smaller zpp shown in Figure 3-13.

TABLE 3-4. The calculated disorder scattering parameters for the pristine and Sm-doped Cu3SbSe.

specimens according to the values from Zhang et al.’s work and Qiu et al.’s work.

Parameter According to Zhang et al.’s work According to Qiu et al.’s work
Iv + I5(3.1e18) 0 0
Iy + I5(4.3¢18) 0.0012(3) 0.0018(2)
Iv + I5(4.5¢18) 0.0040(1) 0.0059(0)

Boundary scattering can be estimated as s = d/v, in which d is the average grain size.[148]
The effect of boundary scattering may be important in polycrystal materials. In this paper, d
=20 + 10 um is estimated from the scanning electron microscope observation, as shown in

Figure 3-14.

Normally, the Umklapp scattering and the point defect scattering are the dominant

scattering mechanism at high frequency phonons, while the boundary scattering is the
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dominant mechanism at low frequencies. In this work, zpp = 7.46 x 1075 and 6.35 x 10" > s at
Debye frequency were obtained for the samples CuszSbSes:Sm 4.3e18 and CuzSbSes:Sm
4.5e18 through using the data from Qiu et al.’s work, implying that strong point defect

scattering exists, shown in Figure 3-13a.

Figure 3-14. Typical scanning electron microscope image of Cu3zSbSes sample.

Figure 3-13b combines thermal conductivities calculated according to the different data
from Zhang et al.’s work and Qiu et al.’s work on the assumption of different scattering
mechanisms (U: Umklapp scattering, PD: point defect scattering, B: boundary scattering.)
with experimental values at 325 K. Umklapp scattering and the point defect scattering are the
dominant collisions processes, and boundary scattering plays an important role in this
temperature range as well. The calculated x. considering all these scattering mechanisms
according to the data from Zhang et al.’s work is lower than the experimental values, while
the calculated x1 considering all these scattering mechanisms according to the data from Qiu
et al.’s work is higher than the experimental values. The experimental data is just in the
middle of the two calculation results. The result qualifies that the Callaway model is a useful

tool to predict the thermal conductivity limitation for chalcogenide thermoelectric materials.
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The zT values of all the samples are displayed in Figure 3-1¢. As shown in this figure, at
the whole temperature range, z7 of all the Sm-doped samples is larger than that of the pristine

sample.

3.5 Summary

A systematic combination of theory and experiment reveals that slight Sm doping in
CusSbSes increases carrier concentration n and carrier mobility simultaneously owing to the
Sm doping engaged light valence band which leads to a significantly improved PF.
Furthermore, Sm doping reduces the lattice thermal conductivity via enhanced point-defect
scattering of heat carrying phonons. The highest z7 ~ 1.0 at 648 K is achieved for the sample
Cu3SbSes:Sm, with n = 4.3 x 10'® em, which is around 170 % larger than that of the pristine
CusSbSey studied here.
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Chapter 4 Enhanced Point Defects Scattering in Cuz..Sm.SbSe4, S, via Sm

and S Co-doping

4.1 Abstract

Doping and alloying aiming to induce point defects by mass and strain field fluctuations is
an effective strategy to decrease the lattice thermal conductivity, and consequently boost the
performance of thermoelectric materials. Through the Callaway model, we demonstrate that
Sm and S co-doping induces strong mass differences and strain field fluctuations in CuszSbSes.
The results prove that doping with proper elements can increase point defect scattering of
heat-carrying phonons, leading to a lower thermal conductivity and a higher thermoelectric

performance.

This work discussed in this chapter is in preparation for publication.
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4.2 Introduction

For decades, the main strategy for designing the high performance thermoelectrics with low
lattice thermal conductivity is the introduction of point defects or nanoprecipitates
corresponding to the different scattering spectrum of heat-carrying phonons.[149, 150]
Nanostructuring with the nanoscale precipitates inserted in the matrix materials can be
achieved by several different approaches, such as the endotaxial nanoprecipitates[69, 76, 150-

152] and dispersing nano-inclusions in the matrix.[137, 153]

Generally point defects can be obtained through doping or/and alloying. Doping or/and
alloying will induce mass fluctuations related to the mass difference and strain field
fluctuations related to the interatomic coupling force differences between the introduced atom

and the host lattice to decrease the lattice thermal conductivity.[68, 154]

Copper chalcogenides have attracted increasing attention because of impressive
thermoelectric performance and relatively low raw material costs. CusSbSes has a low lattice
thermal conductivity and large Seebeck coefficient due to the distorted structure. Results
reported by Skong et al. [78, 109] indicate that the transport properties of CuzSbSes-CusSbSs
solid solution material is noble due to the low lattice thermal conductivity. Se and S are in the

same column and adjacent rows in the periodic table.

In chapter 3, we demonstrate that Sm doping in Cu position can improve the electric thermal
properties greatly. Based on the low lattice thermal conductivity of Cu3SbSes-CusSbS4 solid
solution and the good power factor of Sm doped Cu3SbSes presented in chapter 3, we dope
CusSbSes by two elements (Sm and S) to synthesize Cuz_.Sm,SbSe4., S, (x = 0, 0.005, 0.0075
and y =0, 0.5, 0.1, 0.15) with respect to combine the two advantages of high power factor

and low lattice thermal conductivity. This is the motivation of this work.

In this work, through S and Sm doping, we achieve a large decrease in the lattice thermal

conductivity due to the increased point defects, resulting in an obviously enhanced
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thermoelectric performance of Cus .Sm,SbSeq.,S,. The ultralow lattice thermal conductivity
is understood very well through the Callaway model, and it owes to the enhanced mass

fluctuation and strain field fluctuations in the co-doped samples.

4.3 Results and discussion

4.3.1 Phase constitution characterization
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Figure 4-1. XRD patterns of Cuz_.Sm,SbSes.,S, (x =0, 0.005, 0.0075 and y =0, 0.5, 0.1, 0.15).

Phase constitutions of Cu3_.Sm.SbSes.,S, (x = 0, 0.005, 0.0075 and y = 0, 0.5, 0.1, 0.15)
samples are investigated by XRD, and the XRD results are shown in Figure 4-1. All
diffraction reflections can be well indexed to the tetragonal Cu3SbSes structure (standard

JCPDS number: 85-0003; space group [-42m). This exhibits that no obvious impurity phases

are witnessed in the produced specimens.

67



Enhanced Point Defects Scattering in Cus..Sm,SbSes.,S, via Sm and S Co-doping

4.3.2 Electrical and thermal properties

Table 4-1 summarizes the nominal composition, the corresponding carrier concentration »

and carrier mobility u of the prepared Cuz..Sm,SbSes, S, (x =0, 0.005, 0.0075 and y =0, 0.5,

0.1, 0.15) samples.

Table 4-1. The nominal composition, carrier concentration » and carrier mobility x for the samples at

room temperature.

Nominal composition n(em?)  u(cm?Vist)
CusSbSe4 3.1(2) el8 95.7(3)
Cu2.995Smo.005sSbSe4 3.6(4) el8 116.1(2)
Cu2.9925Smo.0075SbSe4 4.2(5)el8 163.5(0)
CusSbSes.95S0.05 2.409) el8 114.1(6)
CusSbSes.9S0.1 2.0(7) el8 133.1(2)
CusSbSes.85S0.15 1.8(5) el8 125.1(7)
Cu2.995Smo.00sSbSes.95S005s  3.5(7) el8 167.6(6)
Cu2.9925Smo.0075SbSe3.95S0.0s  4.0(5) e18 317.0(6)
Cu2.995Smo.00sSbSe3.950.1 2.8(3)el8 44.6(2)
Cu2.9925Smo.0075SbSe39S0.1  3.2(8) el8 54.1(3)
Cu2.995Smo.00sSbSes 858015 2.3(3) €18 24.9(7)
Cu2.9925Smo.0075SbSe3.85S0.1s  2.0(4) el8 51.2(8)
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Figure 4-2. Temperature dependence of electrical resistivity of (a) CuzSbSes.,S, (v =0, 0.5, 0.1, 0.15),
(b) Cuz_,Sm,SbSe4,, S, (x =0, 0.005, 0.0075 and y = 0, 0.5), (c) Cuz_Sm,SbSe4.,S, (x = 0, 0.005, 0.0075

and y =0, 0.1) and (d) Cus,Sm,SbSes,,S, (x = 0, 0.005, 0.0075 and y = 0, 0.15).

The temperature-dependent electrical resistivity is presented in Figure 4-2. Fitting the
resistivity of pristine CuzSbSes with the Arrhenius relation p = poexp(Ea/xsT), where po, Ea
and xp are pre-exponential factor, apparent activation energy for the conduction, and the

Boltzmann constant, respectively, leads to an apparent activation energy of ~ 0.13 eV quite

close to values reported in literature.[80]
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Figure 4-3. Temperature dependence of thermopower of (a) CusSbSeq4.,S, (v =0, 0.5, 0.1, 0.15), (b)
Cuz_,Sm,SbSe4,, S, (x =0, 0.005, 0.0075 and y = 0, 0.5), (c) Cuz_Sm,SbSe4.,S, (x =0, 0.005, 0.0075 and

y=0,0.1) and (d) Cus,Sm,SbSes, S, (x = 0, 0.005, 0.0075 and y = 0, 0.15).

The temperature-dependent electrical resistivity is presented in Figure 4-2. Figure 4-2a is
temperature-dependent electrical resistivity for the specimens CusSbSes, S, (y = 0, 0.5, 0.1,
0.15). From the figure, we can notice that the electrical resistivity of the only S-doped sample
is larger than that of the pristine sample. Figure 4-2¢ and Figure 4-2d are temperature-
dependent electrical resistivity for the specimens Cu3.Sm.SbSe39S01 and Cus-
Sm,SbSes.8550.15. The electrical resistivity of high S content substituted samples is larger than

that of the pristine sample. The electrical resistivity of larger Sm content substituted
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Cu2.927Smyo.075SbSe3.9S0.1 and Cu2.927Smo.075SbSes 85S0.15 samples is smaller than that of lower
Sm content substituted Cu2.995Smo.005SbSe39S0.1 and Cuz.995Smo.00sSbSe3.8550.15 samples.
Figure 4-2 is temperature-dependent electrical resistivity for the specimens Cus-
Sm,Ses 955005 ( = 0, 0.5, 0.1, 0.15). From the figure, we can notice that the electrical
resistivity of Sm substituted samples with low S content is smaller than that of the pristine

sample.

We can explain the changing of the electrical resistivity according to the changing of the
carrier concentration. Shown in Table 4-1, the carrier concentration of the only S-doped
sample is lower than that of the pristine sample, which is consistent with others’ report.[109]
While the carrier concentration of the only Sm-doped sample is higher than that of the pristine
sample. In the co-doped samples, if the doping content of S is higher than that of Sm, the
carrier concentration will be lower than that of the pristine sample, for example,
Cu2.995Sm0.00sSbSe3.0S1.0, Cu2.995Smo.00sSbSe25S1.s and  Cu2.9925Smo.0075SbSe25S15.  The
electrical resistivity of these three samples is obviously larger than that of the pristine sample

due to the lower carrier concentration.

The temperature-dependent thermopower is presented in Figure 4-3. The thermopower of
only S-doped CusSbSes is quite close to that of the pristine sample. However, the
thermopower of the co-doped samples is significantly different from that of the pristine
sample. Shown in Figure 4-3, the thermopower of the co-doped samples decreases from room

temperature to ~450 K, and then increases slowly with the temperature increasing.

The power factor PF of all the samples is presented in Figure 4-4. The PF of doped samples
is not elevated compared with that of CuszSbSes in the entire studied temperature range

because of the worse performance of the electrical resistivity and thermopower.
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Figure 4-4. Temperature dependence of power factor of (a) CuszSbSes., S, (=0, 0.5, 0.1, 0.15), (b) Cus-
Sm,SbSes.,S, (x =0, 0.005, 0.0075 and y = 0, 0.5), (c) Cuz_Sm,SbSes.,S, (x =0, 0.005, 0.0075 and y =

0, 0.1) and (d) Cus_,Sm,SbSes,,S, (x = 0, 0.005, 0.0075 and y = 0, 0.15).

4.3.3 Ultralow lattice thermal conductivity and phonon scattering mechanisms

The temperature-dependent thermal conductivity x is shown in Figure 4-5a. It can be seen
that x of all the specimens drops with increasing temperature. x of the doped samples is lower
than that of the pristine sample. The temperature-dependent thermal conductivity x of the
pristine and only S-doped samples is shown in Figure 4-5Sc. It can be seen that x of all the S-

doped samples is lower than that of the pristine sample and « of all the S-doped specimens

decreases with increasing S content.
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Figure 4-5. Temperature dependence of (a) total thermal conductivity and (b) lattice thermal
conductivity for the pristine and doped CusSbSe4 specimens. (c) Temperature dependence of thermal
conductivity for the specimens CusSbSes,S, (y = 0, 0.5, 0.1, 0.15). (d) Temperature dependence of
thermal conductivity for the specimens Cus_.Sm.SbSes., S, (x = 0, 0.005, 0.0075 and y = 0, 0.5). (e)
Temperature dependence of thermal conductivity for the specimens Cuz_.Sm,SbSes., S, (x = 0, 0.005,
0.0075 and y = 0, 0.1). (f) Temperature dependence of thermal conductivity for the specimens Cus-

Sm,SbSes.,S, (x =0, 0.005, 0.0075 and y = 0, 0.15).
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The temperature-dependent thermal conductivity x is shown in Figure 4-5a. It can be seen
that x of all the specimens drops with increasing temperature. x of the doped samples is lower
than that of the pristine sample. The temperature-dependent thermal conductivity x of the
pristine and only S-doped samples is shown in Figure 4-5c. It can be seen that x of all the S-

doped samples is lower than that of the pristine sample and « of all the S-doped specimens

decreases with increasing S content.

The temperature-dependent x of the pristine and Sm-doped Cuz_.Sm.SbSe3.95S0.05 (x = 0,

0.005 and 0.0075) samples is shown in Figure 4-5d. It can be seen that x of all the Sm-doped
CuzxSm,SbSe3.95S0.0s samples is much lower than that of the pristine and CuSbSes.95S0.05
samples, and x of all the Sm-doped Cuz_.Sm,SbSe3.95S0.0s samples decreases with increasing

Sm content. We can find the same trend in the Sm-doped Cu3_.Sm,SbSe39S0.1 (x = 0, 0.005
and 0.0075) samples and Sm-doped Cusz_.Sm,SbSe; 85S0.15 (x =0, 0.005 and 0.0075) samples

shown in Figure 4-5e and Figure 4-5f.

Normally, ¥ = ki + &, where &t is the lattice thermal conductivity and . is the carrier

contribution. xe 1s assessed through the Wiedemann-Franz relation: x. = Lo T, where o is the
measured electrical conductivity and L is the Lorenz number. Lorenz number used is obtained
by fitting the measured thermopower S data.[143] The i of the doped samples is lower than
that of the pristine sample, mainly resulting from the enhancement of phonon scattering, as
revealed in Figure 4-5b. For instance, xi of the co-doped sample Cu2.9925Smo.075SbSe3.85S0.15
is only 0.61 W/mK at 648 K, which is about 50 % smaller than that of the pristine sample.

The x1. of the Sm/S co-doped Cu2.9925Smo.075SbSes.85S0.15 sample at 648 K is very close to the

theoretical minimum lattice thermal conductivity, ximin plotted in Figure 4-Sb estimated

through the Cahill's formula.[22]
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We can get the phonon scattering information through the Callaway model, in which the

phonon scattering can be estimated as [22, 155]:

0 4,x
- s g 2 -

212y (eX-1)2

where x equals Zw/ksT (@ 1s the phonon frequency), v is the phonon velocity, &p is the Debye
temperature and 7 is the reduced Planck constant. The Debye model gives the relationship
between Debye temperature Op and Debye frequency wp as ksbp = wp. The Debye
temperature and the phonon velocity used here from Zhang ef al.’s work and Qiu et al.’s work

respectively are listed in Table 4-2.[77, 145]

TABLE 4-2. Average longitudinal acoustic velocity (LA), transverse acoustic velocity (TA/TA’),
Gruneisen parameters (yTA/TA’/LA), Debye temperatures (DTA/TA’/LA), and phonon velocities

(VTA/TA’/LA) used in calculation from Zhang et al.’s work and Qiu et al.’s work respectively.

Parameter Zhang et al.’s work Qiu et al.’s work
PTA 1.27 0.85
YTA® 1.14 0.83
VLA 1.26 1.34

Oora (K) 60 64

Oora’ (K) 65 67

OoLa (K) 78 77

VTA (m/s) 1485 1806

vrA® (m/s) 1699 2096

VLA (m/s) 3643 3859
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According to the Matthiessen’s rule,[22] the total combined relaxation time zc is estimated
by the addition of the inverse relaxation times for the different scattering processes, 7./ = =
i |, where 7 is the phonon relaxation time in the ith scattering process. Normally above the
room temperature, thermal conductivity is limited by Umklapp phonon-phonon scattering,
point defect scattering and boundary scattering together. We will discuss the different

scattering processes separately.

Figure 4-6. Typical scanning electron microscope image of Cu3SbSes sample.

In Figure 4-5b, we can see that the exponential fall follows 7! relation, which means
Umklapp phonon-phonon scattering mechanism is dominant. For the Umklapp phonon-
phonon scattering mechanism, the inverse relaxation time ry can be described as:[146]

—1 _ hy?w?T
M‘UZOD

Ty exp(—22) (4-2)

Here we choose y in calculation 1.22 and 1.01 from Zhang ef al.’s work and Qiu et al.’s work

respectively listed in Table 4-2.[77, 145]

In the crystal lattice, point defects scattering originates from the mass difference and the

strain fluctuations. For the point defects, zpp can be obtained through:

-1 _ -1 -1 _
Tpp =Tm + Tg =

1% 4
s (g + T3 (4-3)
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where /v and 75 are the disorder scattering parameters due to mass difference and strain field
fluctuations.[ 146, 147] The calculated disorder scattering parameters for the pristine and Co-
doped CuszSbSes according to the values from Zhang et al.’s work and Qiu et al.’s work are

listed in Table 4-3.

We calculate the boundary scattering as well. The boundary scattering is estimated through
s = d/v.[148] Figure 4-6 is the typical scanning electron microscope image of CuzSbSes

sample. From the scanning electron microscope observation, d =20 + 10 pum is estimated.

Figure 4-7 combines thermal conductivities calculated on the assumption of different

scattering mechanisms with experimental values. The calculated xi considering all these

scattering mechanisms matches with the experimental values. The calculated xi. considering
all these scattering mechanisms according to the data from Zhang et al.’s work (top black
line) is lower than the experimental values, while the calculated 1. according to the data from

Qiu et al.’s work (bottom red line) is higher than the experimental values. All experimental

data is in the middle of the two calculated lines shown in Figure 4-7.

Figure 4-7a shows the room temperature thermal conductivities calculated via Callaway
model on the assumption of combining scattering mechanisms (U, PD, and B) according to
the data from Zhang et al.’s work. Figure 4-7b shows us the calculated phonon relaxation
time versus frequency of point defect scattering according to from Zhang et al.’s work at 325

K for S—doped CusSbSe».8550.15 and S/Sm CO—dOped Cu2.9925Smo.0075SbSe2 8550.15. As shown in
Figure 4-7a and Figure 4-7b, considering the PD contribution, xi of the Cu3sSbSes.,S, (y =0,

0.05, 0.1 and 0.15) samples decreases with increasing S content due to S doping induced point
defect scattering, so the phonon relaxation time of S-doped CusSbSe»85S0.15 is much smaller
than that of the pristine sample. Compared with the S-doped sample, in the S/Sm co-doped

samples, the lattice thermal conductivity should be lower (the bottom line in Figure4-7a) and
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the phonon relaxation time should be shorter (the bottom line in Figure 4-7b) due to enhanced

point defect scattering by Sm doping.

TABLE 4-3. The calculated disorder scattering parameters for the pristine and Sm-doped CuszSbSes

specimens according to the values from Zhang et al.’s work and Qiu et al.’s work respectively.

Parameter (Iy + I5) According to Zhang  According to Qiu

et al.’s work et al.’s work
CusSbSes 0 0

Cu2.995Sm0.00sSbSe3.9550.0.05 0.0026(9) 0.0039(5)
Cu2.9925Smo.075SbSe3.95S0.05 0.0046(9) 0.0069(2)
Cu2.9955mo.005SbSe3.9S0.1 0.0051(3) 0.0075(5)
Cu2.9925Smo.005sSbSes.9S0.1 0.0063(7) 0.0093(8)
Cu2.995Smo.005SbSe3.85S0.15 0.0074(0) 0.0109(0)
Cu2.99255mo.075SbSe3.8550.15 0.0089(7) 0.0132(1)
Cu3SbSes.9550.05 0.0010(0) 0.0014(8)
CusSbSes.9S0.1 0.0020(5) 0.0030(1)
CusSbSes.8550.15 0.0037(1) 0.0054(6)

The S content dependence of 1. of the CuszSbSes.,S, (y =0, 0.05, 0.1 and 0.15) samples and

Sm content dependence of x1. of Cu3..Sm.SbSes.8550.15 (x = 0, 0.005, and 0.0075) samples are

shown in Figure 4-7¢ and Figure 4-7d.
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Figure 4-7. (a) Calculated lattice thermal conductivities on the assumption of different scattering
mechanisms (U: Umklapp scattering, PD: point defect scattering, B: boundary scattering) for the
specimens at 325 K according to reference 21. (b) Calculated phonon relaxation time versus frequency
of point defect scattering according to reference 21 at 325 K for S-doped Cu3SbSe; 35S0.15 and co-doped
Cu2.9925Sm0 007sSbSe2.85S0.15.  (¢) Comparison of experimental and calculated lattice thermal
conductivities for the specimens CuszSbSes.,S, (v = 0, 0.5, 0.1, 0.15) at 325 K. (d) Comparison of
experimental and calculated lattice thermal conductivities for the specimens Cus_.Sm,SbSe4.,S, (x =0,

0.005, 0.0075 and y = 0.15) at 325 K.

The experimental results are located between the top green line calculated according to the
data from Zhang ef al.’s work and the bottom pink line calculated according to the data from
Qiu et al.’s work respectively. The experimental data does not match very well with both
calculated results. One possible reason could be that the Debye temperature and sound

velocity of as-prepared samples are different from these in Zhang et al.’s work and Qiu et
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al.’s work. Nevertheless, the doping content dependence of i for both experimental results

and calculations is similar. It can be seen that xi. of the CusSbSes,S, (v = 0, 0.05, 0.1 and

0.15) samples decreases with increasing S content due to the point defects contribution. We

can find the same trend in Sm-doped Cuz..Sm.SbSe3.8550.15 (x =0, 0.005, and 0.0075) samples.
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Figure 4-8. Temperature dependence of z7 of (a) CusSbSes,S, (v = 0, 0.5, 0.1, 0.15), (b) Cus-
Sm,SbSes.,S, (x =0, 0.005, 0.0075 and y = 0, 0.5), (c) Cuz_Sm,SbSes.,S, (x =0, 0.005, 0.0075 and y =

0, 0.1) and (d) Cus_Sm,SbSes,,S, (x = 0, 0.005, 0.0075 and y = 0, 0.15).

The zT values of all samples are displayed in Figure 4-8. Although the PF values of doped
samples are lower than that of pristine CusSbSes, the z7 values of most of the doped samples
are higher than that of pristine Cu3sSbSes due to the fact that S and/or Sm doping increases

point defect scattering. Specifically, z7' = 0.55 is obtained at 648 K for
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Cu2.995Smo.005SbSe3.95S0.05, amounting to a 55% increase compared to the pristine CuzSbSes

studied here.

4.4 Summary

The thermoelectric properties of Cuz.Sm,SbSes.,S, (x =0, 0.005, 0.0075 and y =0, 0.5, 0.1,
0.15) are studied in the temperature range 300 K < 7< 650 K. The thermoelectric performance
is increased as a result of a drastic reduction in the thermal conductivity attributed to an
enhanced point-defect scattering of heat carrying phonons. Sm doping introduces additional
mass and strain field fluctuations further reducing the low lattice thermal conductivity of the
S-doped samples. As a result, we have attained a zT of ~0.55 at 648 K for
Cu2.995Smo.005SbSes.95S0.05, which corresponds to an almost 55 % increase compared to the zT

of the pristine CuzSbSes studied here.
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Extraordinary Role of Cu in Enhancing the Thermoelectric Performance of n-type Half-Heusler
Chapter 5 Extraordinary Role of Cu in Enhancing the Thermoelectric

Performance of n-type Half-Heusler

5.1 Abstract

Thermoelectric materials offer a promising solution of converting waste heat to the
electrical power directly. Both high operating temperature and high figure of merit z7 are
desirable for high-efficiency thermoelectric power generation. Here we report a z7 of ~1.3 at
875 K for the n-type Zro4HfosNiSn half-Heusler alloys. In the half-Heusler / full-Heusler
nanocomposites, nanophase full-Heusler simultaneously optimizes the power factor and

suppresses the thermal conductivity.

This work presented in this chapter is in preparation for publication.
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5.2 Introduction

Thermoelectric materials, which can directly convert waste heat into electricity, have
received attention for promising application in energy harvesting. The conversion efficiency

n of a thermoelectric device is limited by the Carnot efficiency #., and the figure of merit z7,
zT = S°T/p( k. + 1), where S, p, T, k. and i are the Seebeck coefficient, the electrical
resistivity, the absolute temperature and the electronic and lattice thermal conductivity.
However, the parameters p, S, and x are interrelated.[125] Two main strategies have been

adopted to decouple the thermal and electrical properties. One is to maximize the power factor

through tuning carrier concentration and band engineering.[36, 37, 156] The other is to reduce

the lattice thermal conductivity xi by nanostructuring.[65, 69, 157, 158]

The half-Heusler compounds have attracted more and more attentions due to their good
electrical and mechanical properties as well as thermal stability at high temperatures.[76, 159]
Makongo et al.[105] and Chai ef al.[106, 107] use excess Ni in the Ni position to form the
half-Heusler / full-Heusler ( HH / FH ) compounds, resulting in improving the thermoelectric
performance. Besides, Cu, as the nearest neighbor of Ni in periodic table, is an effective
dopant to adjust carrier concentration of ZrNiSn based half-Heusler compounds.[160] In
consideration of the above results, Cu is chosen as excess metal in our investigated half-
Heusler compound to achieve the HH / FH nanocomposites as well, which could be an
effective strategy for simultaneously optimizing the power factor and reducing thermal
conductivity. In nanostructured HH / FH thermoelectric materials, as the carrier concentration
of full-Heusler is much higher than that of the half-Heusler, carriers in the full-Heusler
nanoparticles will inject into the half-Heusler matrix (Figures 5-1a, b) to optimize power
factor. Further scattering for phonons between the full-Heusler nanoprecipitates and half-

Heusler matrix will be increased greatly, and results in reduced k. (Figure 5-1c).
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Figure 5-1. (a) Cu content dependence of carrier concentration of Zry 4Hfo sNiSn:xCu and Zro 4Hfo ¢Ni;-
4Cu,Sn. (b) The schematic diagram shows carriers of the full-Heusler nanoparticles inject into the half-
Heusler matrix. (¢) The schematic diagram shows the full-Heusler nanoparticles in the half-Heusler
matrix. (d) Temperature dependence of the figure of merit z7 comparison of the typical high
temperature materials. N-type half-Heusler compounds are comparable to the other advanced high

temperature materials.

Here we demonstrate that the thermoelectric properties of n-type Zro4HfosNiSn half-
Heusler compound can be significantly enhanced through forming the full-Heusler
nanocomposites. Figure 5-1d shows the zT values of these samples. A peak zT of ~1.3 is
reached at 875 K for Zro4Hfo.sN1Sn:2%Cu, which is ~100% higher than that of the pristine
sample, and the z7s are remarkably higher than other well-known state-of-the-art n-type high-
temperature thermoelectric materials over the whole temperature range.[100, 101, 103, 104,
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161-163] As is well known, the average zTa, is more important than the peak zT for
thermoelectric device application. The zTavg of Zro.4Hfo.sN1Sn:2%Cu sample is calculated to

be ~0.7 and ~0.9 in the temperature range of 300 — 900 K and 500 — 900 K, respectively.

5.3 Results and discussion

5.3.1 Phase identification and Microstructure analysis.

Table 5-1. The nominal composition and carrier concentration at room temperature for the samples.

Nominal composition carrier concentration (cm™)

Zr04Hfo.6NiSn 1.0(6) 20
Zr04Hfo.6N1Sn:0.01Cu 2.3(0) €20
Z104Hf0.6N1Sn:0.02Cu 3.3(0) e20
Zr0.4Hfo.sN1Sn:0.03Cu 4.7(8) e20
Z104Hf0.6N1Sn:0.05Cu 6.5(3) €20
Z10.4Hf0.6N10.99Cu0.01Sn 1.8(9) €20
Zr0.4Hf0.6Ni0.9sCu0.02Sn 2.7(2) 20
Zr0.4Hf0.61N10.97Cu0.03Sn 3.6(0) €20

Table 5-1 summarizes the nominal composition and carrier concentration of as prepared
Zr04HfosNiSn:xCu and Zro4HfosNii,Cu,Sn samples. High-quality Zro4HfosNiSn:xCu and
Zro.4Hf0.6N11,Cu,Sn compounds are fabricated by arc melting and spark plasma sintering. The
XRD patterns of Zro4HfosNiSn:xCu after arc melting (Figure 5-2a) show a single phase that
can be indexed to the half-Heusler phase with a cubic MgAgAs-type crystal structure. The
XRD patterns of Zro4HfosNiSn:xCu after one week annealing are shown in Figure 5-2b. As
comparison, the XRD patterns of Cu-doped Zro4Hfo¢Nii,,Cu,Sn after arc melting and after
annealing are shown in Figure 5-3, in which the XRD patterns both after arc melting and
after one week annealing show a single phase that can be indexed to the half-Heusler phase

with a cubic MgAgAs-type crystal structure.
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Figure 5-2. (a) XRD patterns of the samples Zro 4Hfo sNiSn:xCu after arc melting. (b) XRD patterns of

the samples Zry4Hfy ¢NiSn:xCu after arc melting and annealing.
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Figure 5-3. XRD patterns of the samples Zro4HfysNii.yCuy,Sn (a) after arc melting and (b) after arc

melting and one week annealing.

Moreover, in XRD patterns of Zro4HfosNiSn:5%Cu other than reflections from half-
Heusler, there is an additional small reflection at 26 ~41.5° that corresponds to the reflection
of full-Heusler phase, indicating that there is full-Heusler forming in the matrix. For lower
content, however, conclusive phase identification is unsatisfactory because of overlapping of
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the x-ray interaction volumes of the nanoparticles and surrounding HH matrix. Therefore,
further phase characterization of the nanoparticles is carried out using high-resolution TEM

(Figure 5-4).

Figure 5-4. Bright field TEM images of a) some dislocations b)c)nano precipitates in
Zr4Hfo sNiSn:0.02Cu after one week annealing. (d) The enlarged HRTEM picture of the corresponding

square area in (c).

HRTEM analysis is carried out to characterize the sample Zro4HfosNiSn:0.02Cu in which
nanoprecipitates may exert a significant influence on the thermoelectric performance, as
depicted in Figure 5-4. From Figure 5-4 a, it is obvious that there are some dislocations in
the matrix, which can strengthen the phonon scattering. Figure 5-4 b and Figure 5-4 ¢ show

some fine nanoparticles with sizes of around 20 nm in the matrix.
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In Figure 5-4 d, the calculated interplanar distances of this region are 0.35 nm and 0.23 nm,
which are consistent with interplanar spacing of the (111)un and (220)rg, respectively. The

presence of FH nanoprecipitates and dislocations can provide a large number of scattering

centers for phonons, which is responsible for the significantly low .

Figure 5-5. (a) HRTEM image depicting the lattice structure of the nanoparticles. Some of the
nanoparticles have been highlighted by dashed lines. (b) Corresponding [1 0 0] half-Heusler fast-
Fourier transform (FFT) diffraction pattern of (a). The inset shows enlarged diffraction spots from the

half-Heusler matrix and Heusler phase nanoparticles.[164]

The microstructures of TiNiSn half-Heusler alloys with excess Ni have been studied by
Chai et al.[164] In their work, they found full-Heusler nanoparticles are coherent with the
half-Heusler matrix shown in Figure 5-5. Through the fast Fourier transform (FFT) image
presented in Figure 5-5b, the enlarged inset reveals that there is splitting phenomenon
originating from the full-Heusler nanoparticles due to the fact that the full-Heusler

nanoparticles have a slightly larger lattice size than that of the half-Heusler matrix.

89



Extraordinary Role of Cu in Enhancing the Thermoelectric Performance of n-type Half-Heusler

Figure 5-6. (a) Bright field TEM image of the Zro4HfysNiSn:0.02Cu sample. (b) Half-Heusler

diffraction pattern of (a). The inset on the upright corner displays enlarged splitted diffraction spots.

In our experiment, we also observe the same phenomenon. Figure 5-6a is bright field TEM
image showing the nanoprecipitates in the Zro4HfosNiSn:0.02Cu sample. The diffraction
pattern along the [0 -1 1] zone axis of Figure 5-6a is presented in Figure 5-6b. The enlarged
inset splitting pattern is shown in the upright corner of Figure 5-6b as well. The splitting
pattern originates from the different lattice sizes between the full-Heusler nanoparticles and

the half-Heusler matrix.

5.3.2 Decoupling of electrical and thermal properties.

To fit the parameters, we test the low temperature thermoelectric performance of the
pristine sample as well, as shown in Figure 5-7 and Figure 5-8. In these figures, the black
line 1s the low temperature data from PPMS and the red line is the high temperature data from
ZEM. The results of low temperature measurements roughly match with these of the high
temperature measurements. The electric resistivity (shown in Figure 5-7a) and Seebeck
coefficient (shown in Figure 5-7b) decrease with the temperature increases during the whole
measurement range while the thermal conductivity ( Figure 5-8) of the sample increases with
a temperature increases up to ~50 K and then it decreases with the temperature increasing in

the sample Zro4HfosNiSn.
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Figure 5-7. The electric resistivity (a) and Seebeck coefficient (b) of the pristine sample as a function

of temperature.
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Figure 5-8. The thermal conductivity as a function of temperature of the sample Zro4+Hfy sNiSn.

In principle, the temperature-dependent resistivity gives us more information about the
transport properties. To explain the resistivity behavior of the pristine sample, we need three

different electrical conduction mechanisms.
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Figure 5-9. Arrhenius plot for the Zr4HfosNiSn sample and numerical fit through combinations of

three different conduction models: BG (energy band gap), IB (impurity band) and VRH (variable range

hoping).

In the first model, there will be thermally activated conduction over an energy band gap
(BG). In this model, the resistivity is characterized by the Arrhenius equation:

ZkBT)

(5-1)

1= gpex (-
» 0€Xp

where AEy means a thermal band gap, oo a pre-exponential factor, and ks the Boltzmann

constant.

Normally this model is useful for the fitting during the high temperature range. As shown
by the green line labeled as BG in Figure 5-10, the resistivity of the sample Zro4Hfo.sNiSn is
described well at high temperature, while when in the temperature range 7' < 550 K, the BG

model does not work anymore.
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Then we need a more precise model to explain the resistivity in the temperature range 7 <

550 K. In this model, it assumes that there is an impurity band (IB) in the band gap,

1 AE, AE
S = Joexp (— 2kB°T) + o exp(— ﬁ) (5-2)

where AE1 means an impurity activation energy and o1 is pre-exponential factor. In our
experiment, the second model works in the temperature range 40 K < 7'< 550 K. The fitting

data labeled as BG + IB using this model is shown by the blue line in Figure 5-10.

In the temperature range 7' < 40 K, to have a better description for the resistivity, we need
to consider the variable range hoping (VRH) mechanism. The equation of the BG + IB +
VRH model is following:

% = 0, exp (— ZARZOT) + o, exp (— zAk%) + oy exp [— (T%)%l (5-3)

where Tw 1s the Mott temperature related to localization energy and owm is a pre-exponential
factor. The BG + IB + VRH line is shown in Figure 5-10. The variable range hoping is related
to the charge carrier localization at low temperature range. Normally at low temperatures
VRH originates from a smaller overlap of the electron wave functions of impurity atoms when
there is an impurity band. In our experiment, a 7m = 35 K is obtained. In others’ works, 7w =
87 K for NbFeSb,[165] 7m = 0.6 K for YPdSb,[166] 7m = 0.26 K for TbNiSb,[167] Tm = 0.24
K for HoNiSb[167] and Tm = 17 K for Zro3Hfo7NiSn[168] are reported.

Low temperature Hall carrier concentrations of the samples are shown in Figure 5-10. In
Figure 5-10, we notice an interesting phenomenon: in the low temperature range 0 < 7'< 300
K, carrier concentration of the excess Cu sample is independent of the temperature while that
of the pristine sample is dependent of temperature. For the Cu-excess samples, all of them
show metallic-like transport behavior in the low temperature range. The temperature-
independent carrier concentration indicates a heavily doped semiconductor character in the
excess Cu samples.[169]
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Figure 5-10. Low temperature Hall carrier density as a function of temperature.

For the Zro4HfosNiSn sample, the similar behavior is observed by Gatazka K, ef al.[168]
Following we will try to explain the phenomenon. At the low temperature range 7' < 50 K, for
the Zro4HfosNiSn sample, the carrier concentration is very large. It decreases dramatically
with the temperature increasing at the temperature range 7'< 150 K, and then decreases slowly
with increasing temperature. In a mixed semiconductor, the Hall coefficient can be expressed

as:

L: R — TH(thZ_nHeZ) (5_4)

eny H e(pin+npe)?

where p is the hole concentration in the valence band, nu the electron concentration in the
conduction band, ry Hall factor, and un and u. electron mobility and hole mobility. If the band
gap is large, the Fermi level is far from the edge of the valence band. In this condition, n >>
p and Ry is negative, so nu ~ -n. However, if the band gap is small, in the low temperature
range the contribution from p will be comparable to » and then ny has a non-monotonous
behavior.
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Figure 5-11. (a) Temperature dependence of electrical conductivity. (b) Temperature dependence of
thermopower. (c) Pisarenko plot at room temperature and the black solid line represents the

Zro4Hfy ¢NiSn with mq*=2.6m.. (d) Power factor as a function of temperature.

The thermoelectric properties of Zro4HfosNiSn:xCu and Zro4Hfo.6Ni1i.,Cu,Sn compounds
are presented in Figure 5-11, and analyzed by using the single parabolic band (SPB)
model.[170] The slope of temperature-dependent electrical conductivity has a transition from
positive to negative as shown in Figure 5-11a. The electrical conductivity o of the
Zro4HfoeNiSn:xCu and Zro4HfosNii,Cu,Sn samples shows a transition from semi-
conducting behavior to metal-like behavior. The calculated S of the Zro4HfosNiiCu,Sn
compounds by the SPB model agrees roughly with the experimental data at room temperature.
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The m™ of Zro.4HfosNiSn is estimated to be ~2.6me., as shown in the Pisarenko plot of Figure
5-11c. However the S of Zro4HfosNiSn:xCu is far away from the Pisarenko plot obviously.
Figure 5-11d indicates that the power factors of Zro4HfosNiSn:xCu are higher than that of
Zr0.4Hfo.6N11,Cu,Sn samples. The carrier concentration of full-Heusler is much larger than

that of the half-Heusler, so there is carrier injection effect in the Zro4Hfo.sNiSn:xCu samples.

5.3.3 Reduced lattice thermal conductivity and mechanisms
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Figure 5-12. C, as a function of temperature from DSC.

To get the thermal conductivity, we measure the thermal diffusivity from LFA and heat

capacity obtained by DSC (shown in Figure 5-12). Figure 5-13 shows the electron thermal

conductivity as a function of temperature. . is normally assessed by using the measured

electrical conductivity ¢ through the Wiedemann-Franz relation: sz = LoT, where L is the

Lorenz number. In this work, the Lorenz number is calculated by fitting the S data of Figure

5-11b [143] and results are shown in Figure 5-14.
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Figure 5-13. Electron thermal conductivity as a function of temperature.
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Figure 5-14.Temperature dependence of calculated Lorenz number L.

The temperature-dependent thermal conductivity and lattice thermal conductivity of

Zro4Hfo6NiSn:xCu and Zro4Hfo6Ni11.,Cu,Sn are presented in Figures 5-15 a, b. The xi is

obtained by subtracting the electronic component x: from the total thermal conductivity x.
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Figure 5-15. (a) Temperature dependence of total thermal conductivity. (b) Temperature dependence
of lattice thermal conductivity. (¢) Comparison of experimental and calculated lattice thermal
conductivities at 325 K. (d) Temperature dependence of the figure of merit zT" of Zr¢4Hfy¢NiSn:xCu

and Zr0,4Hf0,5Ni1_yCuySIl.

Figure 5-15a shows that the x of Zro4HfosNiSn:xCu and Zro 4Hfo 6NiiCu,Sn compounds
are lower than that of Zro4HfosNiSn. The decrease in x mainly results from the greatly

suppressed xi. As shown in Figure 5-15b, especially, at 300 K and 875 K the xi of
Z104HfosNiSn:0.02Cu has 35% and 63% reduction respectively, compared with that of
Zro4Hfo ¢NiSn. With the same doping content, the x1. of Zro4HfosNiSn:xCu is lower than that

of Zro4HfosNii,,Cu,Sn samples. As aforementioned, excess Cu creates full-Heusler
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nanoparticles, which can scatter phonons, leading to the suppressed xi. For comparison,

Figure 5-15¢ presents the experimental x1. and calculated x1. by the Callaway model,[22, 144]

in which Phonon—phonon Umklapp process (U),[171] point-defect scattering (PD) of
phonons,[147] electron-phonon scattering (EP),[146] grain boundary (B)[148] and
dislocation scattering (DC+DS)[172] are considered. The equations used for the Callaway
model are the same as those used in chapter 3. In order to calculate the contribution of
boundary scattering, the average grain size of sample is needed. In this calculation we use an
average grain size of d = 30 + 10 um which is estimated from a typical scanning electron
microscope image as shown in Figure 5-16. The fitting parameters used in calculation are

summarized in Table 5-2.

Figure 5-16. Typical scanning electron microscope image of the sample.

Table 5-2. Gruneisen parameters y, Debye temperatures p, and phonon velocities V used in calculation

from Xie et al.’s work.

Parameter Xie et al.’s work
y 0.92
6 (K) 366
v (m/s) 3242
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From Figure 5-12¢, we can see that the Zro4HfosNiSn:xCu creates stronger boundary

scattering and dislocation scattering than that of Zr¢4Hfo.¢N11,Cu,Sn, leading to lower xi.. At
low content, the calculated x1. has a good agreement with the experimental results (Figure 5-
12¢). However, at high excess Cu content (5%), the calculated 1. significantly deviates from

the experimental values, suggesting full-Heusler should also contribute to the i at high Cu

contents.

Temperature-dependent figure of merit z7 of samples Zro 4HfosNiSn:xCu and Zro 4Hfo ¢Nii-
4Cu,Sn are shown in Figure 5-12d. The z7 values of the samples Zro4Hfo.sNiSn:xCu except
for x = 0.05 are higher than that of Zro4Hfo.sNiSn while the z7 values of samples Zro4Hfo sNii-
,Cu,Sn except for y = 0.01 are higher than that of Zro4HfosNiSn in the whole temperature
range of measurement. The highest z7 ~ 1.3 at 875 K is achieved for the sample
Zr9.4Hf0.6N1Sn:0.02Cu, which is around 100 % larger than that of the pristine sample studied
here shown in Figure 5-12d. The best z7 value of the sample Zro4Hfo.sN1Sn:0.02Cu shown
in Figure 5-12d is average data of three times measurement values. In the experiment, we
repeat the measurements of the thermoelectric properties of the sample Zro.4Hfo.sNiSn:0.02Cu

for three times as discussed below.

5.3.4 Repeat measurements of the thermoelectric properties.

Three times measurement results of temperature-dependent electrical conductivity,
thermopower, thermal conductivity and z7 are shown in Figure 5-17. The three times
measurement values are a little bit different due to the uncertainties of the experimental
measurement. Considering the final z7, the difference is not so obvious. At 875 K the best zT

is ~1.4 and the worse one is ~1.2, so the average value is ~1.3.
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Figure 5-17. Three times heating values of (a) temperature dependence of electrical conductivity, (b)
temperature dependence of thermopower, (c) temperature dependence of thermal conductivity and (d)

zT as a function of temperature.

5.4 Summary

In the work, by rationally putting the excess Cu into the half-Heusler, forming the
nanoparticles, the interrelated thermoelectric parameters can be decoupled and the
simultaneous optimization of electrical power factor and significant reduction in thermal

conductivity can be achieved.
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Chapter 6 Thermoelectric Performance Investigation in n-type Half-

Heusler ZrosHfysNiSn:xCo

6.1 Abstract

The thermoelectric performances of Zro4HfosNiSn:xCo (x = 0, 0.01, 0.02, 0.03 and 0.05)
samples are investigated in the temperature range of 300 K < 7" < 975 K. In Co-excess
experiment, we can also achieve similar half-Heusler (HH) / full-Heusler (FH)
nanocomposites shown in chapter 5. However, in Co-excess experiment, it is found that Co-
excess has negative contribution to the thermoelectric transport properties. Although the
thermal conductivity is decreased by enhanced scattering between the nanoprecipitates and
matrix, the electric transport performance of obtained nanocomposite is worse than that of

pristine sample.

This work discussed in this chapter is in preparation for publication.
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6.2 Introduction

As discussed in the last chapter, half-Heusler is a very good candidate for the thermoelectric
application.[161, 173-176] According to the references, others [105-107, 164, 177, 178] use
excess N1 in the Ni position to form the half-Heusler / full-Heusler ( HH / FH ) compounds
to reduce the lattice thermal conductivity and enhance the z7. In the last chapter, we design
the Cu-excess experiment to improve the thermoelectric performance. According to the
results shown in the last chapter, excess Cu is an effective approach to increase the power
factor and reduce thermal conductivity simultaneously. Based on the works in the references
and last chapter, we decide to choose Co as excess metal in this experiment. In the periodic
table Co, Cu and Ni are in the adjacent column and same rows. We wonder whether excess

Co can offer similar functions as excess Cu and Ni did. This is the motivation for this work.

In the excess Co experiment, we achieve the half-Heusler / full-Heusler nanocomposites
successfully as well, so the lattice thermal conductivity is depressed at the low temperature
range. However, the electric experimental results of Zro4HfosNiSn:xCo (x = 0, 0.01, 0.02,
0.03 and 0.05) are different from those of Zro4HfosNiSn:xCu (x=0, 0.01, 0.02, 0.03 and 0.05).
In the excess Co experiment, it is found that Co has negative contribution to the electric
transport properties. The roles of excess Cu and excess Co in the electric transport are quite
different. Here we demonstrate that the thermoelectric properties of n-type Zro4HfosNiSn
half-Heusler compound cannot be improved through forming the full-Heusler

nanocomposites by adding excess Co.

6.3 Results and discussion

6.3.1 Phase identification
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Figure 6-1. (a) XRD patterns of the samples Zro4HfysNiSn:xCo (x = 0, 0.01, 0.02, 0.03 and 0.05)
compounds after arc melting at room temperature. (b) XRD patterns of the samples Zr 4Hfo sNiSn:xCo

(x=0,0.01, 0.02, 0.03 and 0.05) compounds after are melting and one week annealing.

In the Co-excess experiment, it is found that excess Co can form the full-Heusler as well.
Figure 6-1a shows X-ray diffraction (XRD) patterns of Zro4HfosNiSn:xCo after arc melting
without annealing. The XRD patterns after arc melting show a single phase, and can be

indexed to the half-Heusler phase. Figure 6-1b shows XRD patterns of Zro4HfosNiSn:xCo
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after arc melting and one week annealing. In the XRD patterns after arc melting and one week
annealing, we find the similar phenomenon shown in the XRD patterns of Zro4Hfo.sNiSn:xCu
after arc melting and one week annealing in chapter 5. It is found that there is an additional
small reflection at 26 ~41.5°, which corresponds to the reflection of full-Heusler phase,
especially in pattern of Zro4HfosNiSn:0.05Co sample. The additional small reflection
indicates that we achieve full-Heusler in the half-Heusler matrix in the Co-excess experiment

as well.

6.3.2 Electrical properties

The temperature-dependent electrical conductivity of Zro4HfosNiSn:xCo (x =0, 0.01, 0.02,
0.03 and 0.05) compounds are presented in Figure 6-2a. In the figure, the electrical
conductivity of all the excess Co samples is much larger than that of the pristine sample.
According to the position of Co in the periodic table, Co should give more holes while Cu

can give more electrons.

The temperature-dependent carrier concentration of Zro4HfosNiSn:xCo (x = 0, 0.01, 0.02,
0.03 and 0.05) compounds is shown in Figure 6-2b. As the Zro4HfosNiSn sample in the
experiment is n-type semiconductor, the resistivity of the excess Co samples will be larger
than that of the pristine sample while the resistivity of excess Cu samples will be smaller than
that of the pristine sample in chapter 5. At room temperature, carrier mobilities of
Zro4Hfo ¢NiSn:xCo (x = 0.01, 0.02, 0.03 and 0.05) compounds are 0.18cm?V-!s’!, 0.16 cm?V-
s 0.68 cm?V-'s! and 0.47 cm?V-!'s™! respectively, which is much lower than that of

Z1ro4Hfo ¢Ni1Sn.

The temperature-dependent Seebeck coefficient of Zro4HfosNiSn:xCo (x = 0, 0.01, 0.02,
0.03 and 0.05) compounds are presented in Figure 6-2¢. From the figure, the Seebeck
coefficient of all the excess Co samples is smaller than that of the pristine sample. If we
compare the data of Seebeck coefficient with the resistivity, we can confirm that Co has the

negative contribution to the carrier concentration in the experiment. Especially in the
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Zr0.4HfosN1Sn:0.05Co sample, the Seebeck coefficient is positive, which means the carrier
charge is hole. Due to the negative contribution to the carrier concentration from excess Co,

the Seebeck coefficient in Zro4HfosNiSn:xCo (x = 0.01, 0.02, 0.03 and 0.05) compounds is

damaged greatly.
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Figure 6-5. Temperature dependence of (a) electric resistivity, (b) carrier concentration, (c) Seebeck
coefficient and (d) power factor as a function of temperature of Zry 4Hfo sNiSn:xCo (x = 0, 0.01, 0.02,

0.03 and 0.05) compounds.

The power factor as a function of temperature of Zro4HfosNiSn:xCo (x =0, 0.01, 0.02, 0.03

and 0.05) compounds are presented in Figure 6-2d. The power factor gives us the overall
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information of the electric transport properties. Figure 6-2d indicates that the power factors
of Zro4HfosNiSn:xCo are smaller than that of the pristine samples. Because of the bad
performance in both electrical conductivity and Seebeck coefficient, the power factor of Co-

excess samples decreases significantly.

6.3.3 Reduced lattice thermal conductivity and mechanisms

The temperature-dependent thermal conductivity of Zro4HfosNiSn:xCo (x = 0, 0.01, 0.02,
0.03 and 0.05) compounds is shown in Figure 6-3a. It can be seen that x of the pristine sample

decreases with increasing temperature from 300 K to 700-750 K, and then it gradually

increases as the temperature is further increased.

For the Zro.4Hfo.sN1Sn:xCo (x = 0.01, 0.02, 0.03 and 0.05) compounds, it can be seen that x

decreases with increasing temperature from 300 K to 500 K, and then it gradually increases
as the temperature is further increased. So in the excess Co samples, bipolar effect comes out
earlier because of the negative contribution of Co to the carrier concentrations. The total
thermal conductivity of excess Co samples Zro.4HfosNiSn:xCo (x =0.01, 0.02, 0.03 and 0.05)
is lower than that of the pristine sample Zro4HfosNiSn, especially in the low temperature
range. At the high temperature range 7> 800 K, the thermal conductivities of all the samples
Zr0.4HfosNiSn:xCo (x = 0, 0.01, 0.02, 0.03 and 0.05) are close to each other.

The total thermal conductivity includes the lattice thermal conductivity i and the carrier
contribution x:: k¥ = k1. + k.. Thus, &1 can be obtained by subtracting x: that can be evaluated

using the Wiedemann-Franz law: x. = LT/p, where L is the Lorenz number. It is known that

L is dependent on reduced chemical potential &, the band structure and details of the

scattering process. Here we choose Lo=2.45 x 10 QWK™

The electron thermal conductivity as a function of temperature of Zro4HfosNiSn:xCo (x =

0, 0.01, 0.02, 0.03 and 0.05) compounds is shown in Figure 6-3b. The electron thermal
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conductivity of excess Co sample is lower than that of the pristine sample in the testing

temperature range.
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Figure 6-3. Temperature dependence of (a) total thermal conductivity, (b) electron thermal
conductivity, (c) lattice thermal conductivity and (d) figure of merit zT of Zro4Hfy¢NiSn:xCo (x = 0,

0.01, 0.02, 0.03 and 0.05) compounds.

The temperature-dependent lattice thermal conductivity of Zro.4HfosNiSn:xCo (x =0, 0.01,
0.02, 0.03 and 0.05) compounds is shown in Figure 6-3c. It can be seen that lattice thermal
conductivity of the pristine sample decreases with increasing temperature from 300 K to 700

- 750 K, and then it gradually increases as the temperature is further increased. For the excess
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Co Zro4HfosNiSn:xCo compounds, it can be seen that x decreases with increasing

temperature from 300 K to 550 K, and then it gradually increases as the temperature is further

increased.

The lattice thermal conductivity of Co-excess sample is lower than that of the pristine
sample in the low temperature range 7 < 600 K. Especially, at 300 K the AL of
Zr0.4HfosN1Sn:0.03Co and Zr.4Hfr.cNiSn:0.05Co has 35% and 38% reduction respectively,
compared with that of Zro4HfosNiSn. In the excess Co experiment, we achieve the half-
Heusler / full-Heusler nanocomposites successfully as well. The scattering between the
nanoparticles and the matrix is increased, and finally the lattice thermal conductivity is
depressed at the low temperature range. At the high temperature range 7 > 600 K, lattice

thermal conductivity of excess Co sample is larger than that of the pristine sample.

Figure 6-3d shows the temperature-dependent figure of merit z7T" of Zro4HfosNiSn:xCo (x
= 0, 0.01, 0.02, 0.03 and 0.05) compounds. In this figure, figure of merit z7 of
Zro4HfosNiSn:xCo (x = 0, 0.01, 0.02, 0.03 and 0.05) compounds increases with the
temperature increasing. Due to obviously decreased PF in the excess Co samples
Zr0.4HfosNiSn:xCo (x =0.01, 0.02, 0.03 and 0.05), zT of the excess Co sample is smaller than

that of the pristine sample in the whole measurement range.

6.4 Conclusions

In summary, the thermoelectric properties of Zro.4HfosNiSn:xCo (x=0, 0.01, 0.02, 0.03 and
0.05) compounds have been studied at temperature from 300 K to 975 K. The figure of merit
zT for all the excess Co samples is worse than that of pristine sample due to significant

reduction of power factor.
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Chapter 7 Summary and Outlook

7.1 Summary

In this thesis, two potential thermoelectric candidates with diamond-like structure,
chalcogenide and half-Heusler, are chosen as investigated subjects, and their thermoelectric
performances have been improved via substitution induced band structure engineering and
incorporation of Heusler nanoprecipitations into half-Heusler matrix respectively. The main

conclusions of this thesis are listed below:

The thermoelectric performances of Cuz_.Sm,SbSes (x < 0.025) samples are investigated.
In CusSbSes, from density functional theory calculations with spin-orbit coupling, it is
determined that in the valence band, there are a rather flat band and a relatively lighter band.
In our experiment, through Sm doping, the lighter band is activated to contribute to the
transport, consequently, the carrier concentration and mobility can be increased
simultaneously. Because of the increased carrier mobility, the electrical conductivity is
enhanced greatly. At the same time, the thermal conductivity is decreased due to the
strengthened point-defect scattering of heat carrying phonons. This work reveals that slight

Sm doping in CuzSbSes can improve the z7 values and thermoelectric properties.

Based on the previous only Sm-doped CuzSbSes work, we decide to choose S to form
CusSbSes-CusSbS4 solid solution to further decrease lattice thermal conductivity. S and Se
are in the same column and adjacent rows in the periodic table. Through Callaway model, we
demonstrate that the Sm and S co-substitution induces a stronger mass fluctuations and strain
field fluctuations. Finally through S and Sm co-substitution in the Cu3SbSes, we achieve a
large decrease in the lattice thermal conductivity due to the improved point defects, resulting

an evident improvement in the thermoelectric performance.

The thermoelectric performances of Cu-excess Zro4HfosNiSn:xCu (x <0.05) and Cu-doped

Zro4HfoeNii,Cu,Sn (y < 0.05) and Co-excesssHfosNiSn:zCo (z < 0.05) samples are
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investigated. In the excess Cu experiment, we achieve the half-Heusler / full-Heusler
nanocomposites successfully, which is an effective strategy for optimizing power factor and
reducing thermal conductivity simultaneously. In the nanostructured half-Heusler / full-
Heusler thermoelectric materials Zro4Hfo.sN1Sn:xCu, because the carrier concentration in the
full-Heusler is much higher than that of the half-Heusler, some electrons in the full-Heusler
nanoparticles will inject into the matrix half-Heusler. At the same time, phonons scattering at
the interfaces between full-Heusler nanoparticles and half-Heusler matrix is enlarged
significantly, resulting in reducing lattice thermal conductivity. A good zT value is obtained
in Zro.4HfosNi1Sn:2%Cu, which is much higher than that of the pristine sample, and the value
is comparable to that of other well-known state-of-the-art n-type high-temperature

thermoelectric materials.

However, in the excess Co experiment it is found that Co has negative contribution to the
thermoelectric transport properties. Considering the position of Co in the periodic table, Co
will give more holes while Cu can give more electrons. As Zro4HfosNiSn is a n-type
semiconductor, the resistivity of the excess Co samples will be larger than that of the pristine
sample while the Seebeck coefficient of excess Co samples will be smaller than that of the
pristine sample. So the electric properties are damaged obviously. The roles of Cu and Co in
the electric transport are quite different. Here we demonstrate that the thermoelectric
properties of n-type ZrosHfosNiSn half-Heusler compound cannot be improved through

forming the full-Heusler nanocomposites by excess Co.

7.2 Outlook of the future work

For the chalcogenide, CuzSbS4 has similar crystal structure as Cu3SbSes. Compared with
selenium, sulfur has many advantages. Sulfur is 1,000 times more abundant than selenium in
the earth’s crust, and in the point view of commercial application S possesses lower cost and
less toxicity as compared to Se. Cu3SbSs has rarely been investigated as thermoelectric
materials due to the bad electric performance. However, the thermal conductivity of Cu3SbS4

is much lower than that of Cu3SbSes. In the Cusz_.Sm,SbSes (x < 0.025) experiment, the
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resistivity is decreased obviously via engaging the light valence band, so we could design the
similar experiment. Though appropriate substitution, it is possible to improve the electric

performance of CuzSbSs as well as zT.

For half-Heusler, Zro 4Hfo sNiSn contains Hf. Hf is quite expensive, so it is not so good for
the commercial applications. Considering the price, ZrNiSn has no Hf and it is much cheaper
than that of Zro4HfosNiSn. Compared with Zro4HfosNiSn, ZrNiSn has larger thermal
conductivity due to the weaker alloying scattering of phonons. In the Cu-excess
Zro4Hfo6NiSn:xCu (x < 0.05) experiment, the thermal conductivity is decreased obviously.
Therefore, it is necessary to investigate the thermoelectric performance of ZrNiSn:xCu.
Through forming the half-Heusler / full-Heusler nanocomposites by excess Cu, it is highly

possible to improve the thermal performance of ZrNiSn.
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Appendix A Thermoelectric Performance Investigation in n-type Full-

Heusler Zro4Hfo.¢Niz-xCuxSn and TiFe;Sn

A.1 Abstract

The  thermoelectric  performances  of  full-Heusler = Zro4HfosN12Sn  and
Zr0.4Hfo.6N11.98Cuo.02Sn samples are investigated in the temperature range of 300 K < 7'< 775
K. It is found that the trend of experimental results of electric resistivity of Zro.4HfosNi2Sn
and Zro.4Hfo sNi1.908Cuo.02Sn is the same with that of Zro 4Hfo sNiSn:xCu (x =0, 0.01, 0.02, 0.03
and 0.05). Considering the experimental results from both Zro4HfosNi2Sn and TiFe,Sn, full-

Heusler is not a good candidate for thermoelectric applications.

This work discussed in this chapter is in preparation for publication.
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A.2 Introduction

According to the discussion in the chapter 5, we design the Cu-excess experiment to
improve the thermoelectric performance. In the excess Cu experiment, half-Heusler
Zro4Hfo6NiSn:xCu, the resistivity is enhanced due to the increase of carrier concentration.
According to the results in the chapter 5, excess Cu can form full-Heusler phase Zro 4Hfo sNi»-
«CuxSn, and then we want to know the function of Cu in the substituted full-Heusler sample.

So we decide to choose full-Heusler Zro 4HfosNi2Sn as the research goal in this experiment.

In the experiment, the trend of electric resistivity results of ZrosHfosNi2Sn and
Zr9.4Hfo 6Ni1.98Cuo.02Sn is the same with that of Zro 4Hfo ¢NiSn:xCu (x =0, 0.01, 0.02, 0.03 and
0.05) in the chapter 5. Here we demonstrate that Cu has positive contribution to the electric

conductivity in n-type Zro4Hfo¢Ni2Sn full-Heusler compound.

A.3 Results and discussion

A.3.1 Phase identification and analysis

Figure A-1 shows the XRD patterns of the Zro4HfosNi2Sn and Zro.4Hfo.sNi1.9sCuo.02Sn
samples after arc melting and one week annealing. In the Figure A-1, the main reflections

can be indexed to the ZrNi>Sn structure (standard JCPDS number: 00-023-1282; space group
Fm3m) and there is no obvious structural change observed here. However, from the figure a

tiny amount of Zro4HfosNi4Sn can be found in all the samples. As the content of impurities
are found to be roughly the same for all samples, it is plausible to treat the impurities as part

of the Heusler matrix.
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Figure A-1. XRD patterns of the samples of Zro4HfosNixSn and Zro4Hfo¢Nii0sCuo.02Sn after arc

melting and one week annealing.

A.3.2 Electrical and thermal properties

Figure A-2 shows the temperature-dependent electrical conductivity of Zro.4Hfo.sNi2Sn and
Zr04Hfo6N11.98Cuo.02Sn. It is found that the trend of electric experimental result of
Zr0.4Hf0.sNi2Sn and Zro 4Hfo sNi1.08Cu0.02Sn is the same with that of Zro 4Hf.¢NiSn:xCu. In this
figure, the resistivity of Zro4HfosNi1.08Cuo.02Sn is smaller than that of Zro.4HfosNi2Sn. It is
because that the carrier concentration in the Cu substitution sample Zro 4Hfo.6Ni1.0sCuo.02Sn is
larger than that of Zro4HfosNi2Sn. We try to measure the carrier concentration in the sample

through PPMS, however the carrier concentration is too large to get the signal.
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Figure A-2. Temperature dependence of electrical resistivity of Zro4HfosNixSn and

Zr0_4Hfo_6Ni1_ggCuO_ozsl’l.
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Figure A-3. Temperature dependence of Seebeck coefficient of Zro4HfoeNiSn and

Zro 4Hfy 6Ni1.05Cug 02Sn.
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Figure A-3 shows the temperature-dependent Seebeck coefficient of Zro4Hfo.sNi12Sn and
Zro4Hf0.6N11.98Cuo.02Sn. In this figure, the Seebeck coefficient of Zro4Hfo.sNi1.98Cu0.02Sn is
smaller than that of Zro4Hfo.cNi2Sn. The phenomenon is normal. According to the Pisarenko

relation, if the carrier concentration is bigger, the Seebeck coefficient will be smaller.

3.5

Sad
o
T

PF (10*W/mK?
N
[4)]

+Zr0l4Hf0_6NiZSn
—0—Zr0.4Hf0.6Ni1.QBCuO.OZSn

N
o
T

1 _5 . 1 . 1 . 1 . 1 .
300 400 500 600 700 800
T (K)

Figure A-4. Power factor as a function of temperature of Zro sHfy ¢Ni»Sn and Zro 4Hfo sNi; 9sCug.02Sn.

Figure A-4 shows the temperature-dependent power factor of Zro4HfosNi2Sn and
Zr04Hfo 6Ni1.98Cuo.02Sn. In this figure, the power factor of Zro4HfosNii.0gCuo.02Sn is smaller
than that of Zro4Hfo.6Ni2Sn in the temperature range 300 K < 77< 650 K while it is larger than
that of Zro.4Hfo.sNi2Sn in the temperature range 650 K < 7'< 775 K.
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Figure A-5. Temperature dependence of thermal diffusivity of Zro4sHfp¢NixSn and

Zro.4Hfo 6Ni1.98Cug.02Sn specimens.

Figure A-5 shows the temperature-dependent thermal diffusivity of Zro4HfosNi2Sn and
Zro4Hfo6Ni1.9sCup2Sn  from LFA. In this figure, the thermal diffusivity of
Zr0.4Hfo.6N11.98Cuo.02Sn is larger than that of Zro4Hfo sNi2Sn.

According to Dulong-Petit law, the specific heat of Zro4sHfosNi2Sn and
Z10.4Hfo.6N11.98Cuo.02Sn 1s around 0.26 J / (g K). By the Archimedes method, the density of the
sample is around 10.2 g / cm®. According to the values of thermal diffusivity, specific heat
and density, we obtain the thermal conductivity shown in Figure A-6. In this figure, the
thermal conductivity of Zro.4Hfo sNi1.98Cuo.02Sn is larger than that of Zro 4Hfo sNi2Sn due to the

electron thermal conductivity contribution in Zro4HfosNi1.90sCuo.02Sn is larger than that in

ZI’o.4Hfo,(,NizsIl.
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Figure A-7 shows the temperature-dependent figure of merit z7T" of Zro4HfosNi2Sn and
Zro4Hfo6Ni1.9sCup.2Sn  compounds. From the figure, z7 of the Cu doped
Zr0.4Hfo.6N11.98Cu0.02Sn sample is smaller than that of the undoped sample Zro4HfcNi2Sn in

the whole measurement range.

A.3.3 Is full-Heusler a good candidate for thermoelectric application?

From the zT of Zro4HfosNi2Sn and Zro4Hfo6Nii.98Cuo.02Sn compounds, we notice full-

Heusler Zro4Hfo.sN12Sn is not good candidate for thermoelectric applications.

Unlike half-Heusler compounds, only few Heusler compounds have been studied in respect
of thermoelectric application due to the fact that their metallic band structure is usually
associated with poor thermoelectric performance.[179-182] Nevertheless, Heusler
compounds have attracted a lot of attention due to their unusual magnetic and transport
properties.[183][184] Recently, Yabuuchi et al.[185] and Bilc et al.[186] have concluded
from first principle calculations that bulk TiFe.Sn, a Heusler compound with uncritical
elements, may possess a large thermoelectric power factor at certain charge carrier
concentrations. Slebarski er al[187] and Lue et al.[188] study the electrical transport
properties of TiFe>Sn compounds below 400 K and measured power factors of 1-2 x 107
Wm'K? at 300 K, which is close to that of the well-researched TiNiSn half-Heusler
compound.[189]

To the best of our knowledge, the transport properties of TiFe.Sn compounds in the medium

temperature range (above 400 K) have not been reported yet. Besides, the Seebeck coefficient
of TiFe2Sn compounds is only about 20 - 30 uVK!, which is much lower than that of good

half-Heusler thermoelectrics (c.f. TiCoSb, ZrNiSn, NbFeSb[100, 152, 190, 191]). Thus, we
try to understand the structure—property relation of TiFe,Sn to tune the Seebeck coefficient.
We prepare Mn-doped TiFe; xMn,Sn compounds (x =0, 0.01, 0.0156, 0.0185, 0.02, 0.03, and
0.05) by substituting Mn for Fe in TiFe>Sn, and measure their high temperature transport

properties and perform band structure calculations. Both density-functional theory
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calculations and the measurement results suggest that appropriate Mn doping increases the
power factor. This can be attributed to an increased electrical density of states by electronic
structure modifications, benefiting both the electronic conductivity and the Seebeck

coefficient.
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Figure A-8. Temperature dependence of zT of TiFe, «MnSn specimens.[192]

Because of both increased power factor and decreased thermal conductivity, z7 values of
all the samples are enhanced compared to pristine TiFe>Sn shown in Figure A-8. Specifically,
azT'=0.022 at 375 K is achieved for the sample with 1.85 % manganese doping on the Fe
position, which is about 2.6 times larger than that of TiFe>Sn. Although the zT value is

improve obviously, the absolute value is still very low.

According to our experiment in full-Heusler Zro4HfosNi2Sn and TiFe; .Mn.Sn, we can get

the conclusion that full-Heusler is not a good candidate for thermoelectric applications.
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A.4 Conclusions

In summary, the thermoelectric properties of Zro.4HfosNi2Sn and Zro.4Hfo.sNi1.98Cuo.02Sn
have been studied at temperature range 300 K < 7'< 775 K. The figure of merit z7 for Cu
doped sample is worse than that of the pristine sample. The thermoelectric properties of Mn-
doped TiFe>-:Mn,Sn compounds (x =0, 0.01, 0.0156, 0.0185, 0.02, 0.03, and 0.05) have been
studied as well. The experimental results from both Zro4HfosNi2Sn and TiFe>Sn show that

full-Heusler is not a good candidate for thermoelectric applications.
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Appendix B X-ray Photoelectron Spectroscopy Measurement of

Zxo4HfysNiSn:xCu
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Figure B-1. The possible positions of Cu in the Cu substitution and excess Cu experiments.

To get more information about Cu in the compounds Zro4Hfo sNiSn:xCu, we do the X-ray
photoelectron spectroscopy (XPS) experiment to determine the chemical state of the Cu

element in the compounds.

As shown in Figure B-1, for the Cu substitution samples Zro 4Hfo sNii..Cu,Sn, normally Cu
atoms will substitute the Ni atoms in this experiment. In the excess Cu experiments, there are
three possibilities. One possibility is Cu will substitute Ni, and the excess Ni will occupy the
interstitial sites of the full-Heusler. Another possibility is Cu will occupy the interstitial sites

of the full-Heusler. The third possibility is the most normal case, some Cu will substitute the
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Ni while some Cu and the excess Ni will occupy the interstitial sites of the full-Heusler

phases. In the most normal case, the expression can be written as Zro.4Hfo.sN11.:Cu,+,Sn.
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Figure B-2. Counts per second as a function of binding energy in the sample Zr4Hfo sNiSn.
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Figure B-3. Counts per second as a function of binding energy in the sample Zry4Hfy sNiSn:0.02Cu.
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Figure B-4. Counts per second as a function of binding energy in the sample Zr4HfsNiSn:0.05Cu.

The overall information of counts per second as a function of binding energy in the samples
Zro4Hf06Ni1Sn, Zro4Hfo.6N1Sn:0.02Cu and Zro 4HfosNiSn:0.05Cu are shown in Figures B-2,
B-3 and B-4 respectively. From the spectra, there is a significant amount of oxidized material
in all the samples. This can be checked by the two different components visible in all spectra.

Following we will discuss the information about all the elements in details:

For Sn, the peaks at 484.88 eV and 493.31 eV are metallic Sn and the peaks at 486.64 eV
and 495.05 eV are oxidized Sn. For Zr, the peaks at 179.54 eV and 181.97 eV are metallic
and the ones at 182.56 eV and 184.93 eV are oxides. For Hf, the peak at 15.05 eV and 16.73
eV are metallic Hf and the ones at 17.14 eV and 18.79 eV are oxidized Hf. For transition

metals like Ni and Cu, the determination of the oxidation state by the chemical shift is not so

easy.
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Figure B-5. Counts per second of Cu as a function of binding energy in the samples

Z104Hfo¢NiSn:0.02Cu and Zro4Hfo ¢NiSn:0.05Cu.

There is very little copper in the Zr4HfysNiSn:0.02Cu and Zro 4HfosNiSn:0.05Cu samples.
However it is impossible to determine the chemical state of the Cu element in the compounds
through XPS. The detailed results are shown in Figure B-5. The binding energies of metallic
copper (932.6 eV), CuO (933.5 eV) and Cux0 (932.6 e¢V) are quite similar and it is not
possible to distinguish the oxidation state / chemical environment of the copper in the
experiment. Usually the chemical states of copper are different in the different chemical
components. The chemical state of copper can be determined by satellite peaks which are at
high binding energy. However in this experiment, maybe due to small amount of copper these

satellites are not visible.
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