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Chapter 1

Introduction

Materials science nowadays investigates on the relationship between the struc-
ture of materials at atomic or molecular scales and their macroscopic prop-
erties. Furthermore it plays a key role for the upcoming challenges in terms
of energy efficiency and mitigation of global warming. Thermoelectric gener-
ators (TEGs) are a promising technology to use heat and to convert it into
electricity - in the ideal case, TEGs will be quite, robust, scalable, efficient
and autarkic.

This thesis investigates on the thermoelectric (TE) material skutterudite.
This type of material is found to be one of the most promising novel ther-
moelectric materials in the last two decades. Especially cobalt antimony
based skutterudites, which can be modified by rare earths (RE), elements
from the boron group and other electropositive species, are expected to be
used in prospective thermoelectric generator modules for high temperature
purposes.

This Manuscript comprises five chapters: (I) Introduction, (II) Skutterudite
Materials, (IIT) Experimental Methods, (IV) Results and Discussion and (V)
Summary. Chapter (I) introduces the basic knowledge about the thermoelec-
tric effects, the Hall effect, the figure of merit Z and the applied theoretical
models in this thesis (i.e. the single parabolic band and the Debye model).
Furthermore the applicability of thermoelectric generators or Peltier coolers
is briefly covered and recent concepts for novel thermoelectric materials are
presented, which are in the focus of the scientific community.

The skutterudite material class is described in the following chapter. The
crystal structure, possible compositions, transport properties, and further
general information about the skutterudite material is given to the reader.
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In the second half of chapter (IT) the research on skutterudite materials
(with a thermoelectric context) of the last fifteen years will be reviewed. A
multiplicity of important scientific papers are discussed and referred in the
bibliography of this work.

The chapter (III) includes the description of devices, which were necessary
for the synthesis and processing of the material, and several measuring in-
struments that are partly home-built and not commercially available. In
the first section the entire preparation steps of the skutterudite material are
described, which comprise induction melting, annealing and sintering of the
material - in the majority of cases under inert conditions. In the follow-
ing the methods and instruments for characterization of the (high temper-
ature)E' transport properties are presented, which are in detail the electrical
and thermal conductivity, the (local) Seebeck coefficient and the Hall mobil-
ity /coefficient. In the last two sections the powder diffraction method and
the main operation modes of a scanning/transmission electron microscopy
are briefly introduced.

The main results of this work are shown in chapter (IV). Main focus lies
on the structural and thermoelectric properties of the skutterudite material,
which is followed in each section by a detailed discussion. The chemical
composition in each section is different and the concentration of one or two
elements is varied. The chemical compositions are as follows: In,Co4Sbis,
Ce,In,CosShys and Gd,In,CosSbis (the z in the chemical composition de-
notes that this particular element is varied in its concentration).

The last chapter will summarize the main results and findings, which can be
drawn from the experiments within this thesis.

1.1 Thermoelectric (TE) Effects and Hall Ef-
fect

A first description of a thermoelectric effect is found in the publication “Ue-
ber die magnetische Polarisation der Metalle und Erze durch Temperatur-
Differenz’ from Thomas Johann Seebeck in 1821 @], which was later also
named after him. He constructed a conductor loop which consisted of two

Y.e. 300K to 700K
2engl.: Magnetic polarization of metals and minerals by temperature differences (The
oral presentation was held already in 1821, which was then published in 1826)
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different metals and applied a temperature difference at the two connection
points. The induced current was visualized by using a magnetic needle, which
responded to the created magnetic field. Today the Seebeck effect does not
describe a magnetic phenomenon but a generated voltage potentia]ﬁ (syn-
onymous with a generated electromotive force) induced by the temperature
difference between the junctions of two different materials A and B, which
are electrically connected. The voltage difference is called Seebeck voltage
Us, which is proportional to the temperature difference AT between the two
connection points and the proportionality constant is called (differential)
Seebeck coefficient S (in this case S,p) or thermopowertl:

US(T) = - ab(T)(Thot - Tcold) . (1.1)

With a differential notation eq.(LT]) becomes:

US(T):—/ " ST (1.2)

Teold

According to eq.(LI)) the Seebeck coefficient is positive when the cold end
of the conductor has a positive voltage difference and vice versa.

In 1834 Jean Charles Athanase Peltier observed the inverse effect [E} He
reported that at the junctions of two different metals, heat is dissipated at
one of the two connection points and released at the other, when a current is
supplied. This phenomenon is only dependent on the direction of the electric
current and today known as the Peltier effect. Mathematically this can be
described as follows:

Q - Hab(T)I ) (13)

where I, (T) is the (differential) Peltier coefficient, @) is the absorbed
heat per unit time, and [ is the electrical current.

The third thermoelectric effect was predicted by Lord Kelvin (William
Thomson) in 1851 ﬁ] He described that for a single homogeneous conductor

3T. J. Seebeck thought it to be a thermo-magnetic effect, which was finally corrected
by Lord Kelvin

4Seebeck coefficient and thermopower are used as synonyms in this work - «, which is
frequently used as the thermopower variable, is referred to the thermal diffusivity in this
work. The roman letter S is used here as variable for the Seebeck coefficient



4 Chapter 1. Introduction

with a temperature gradient, heat is transported when an electrical current
is supplied. This can be expressed by the formula

TTh — (14)

IAT 7

where 71y, is the Thomson coefficient, Q is the absorbed heat per unit time,
I is the electrical current and AT is the applied temperature difference in
the homogeneous conductor. Thomson was able to demonstrate this effect in
1854 that besides the Peltier effect a further reversible thermal phenomenon
must exist, which is today known as the Thomson heat. Furthermore his
thermodynamical calculations were showing how the Peltier and the Seebeck
coefficients are related to each other, and consequently is expressed in the
first Thomson relation (also referred to as first Kelvin relation) M]

=57 . (1.5)

The Hall effect was discovered in the year 1879 by Edwin Herbert Hall
ﬂa] and denotes the response of charge carriers (i.e. an electric field) within
a conductor due to a magnetic field B , which is arranged nonparallel to the
direction of a current density j (i.e. j x B). The charge carriers experience
a Lorentz force due to the perpendicular magnetic component and as a con-
sequence are deflected from their original path and accumulate vertically to
the direction of the electrical current. This accumulation of charge carriers
causes a (small) voltage perpendicular to the direction of the electrical cur-
rent and is denoted as the Hall voltage. The Hall effect is reversible and
is only observed when a magnetic field is applied. In the simplest case the
charge carriers create a Hall voltage Uy due to a perpendicular magnetic field
B, which is given by

—I1-B
UH_nH~e~d , (1.6)
where [ is the applied current, B the magnetic field, d the thickness of
the specimen, e is the electron charge and ny is the effective charge carrier
densityﬁ The Hall constant Ry is defined as
E, Ug-t 1

Ry=—Y = = . 1.7
"5 B 1B ny - e (17)

°In eq.(LA) the electron charge e is regarded as positive and for this reason a minus
sign is added.
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E, is the induced transversal electrical field and j, is the direction of the

current density (perpendicular to the magnetic field). Latter is defined as
Ju = ne1, s /m, where Te/n 18 the charge carrier relaxation time, E, is the
longitudinal electrical field and m the mass of the charge carrier.
For (thermoelectric) materials the type of charge carriers can be both, elec-
trons and holes at the same time. As a consequence the charge carrier density
becomes an effective charge carrier density, which is a superposition of mi-
nority and majority charge carrier densities. This is accordingly to the mass
of the charge carriers m, which also becomes a superposition of two distinct
charge carrier masses

Furthermore the Hall mobility uy of a particular material can be directly
derived from the Hall constant Ry and the electrical conductivity o:

pu = |o- Ru| . (1.8)

1.2 Research in Thermoelectric Materials and
Applications

The implementation of (one of) the thermoelectric effects for industrial ap-
plications required a long time after the discovery of the Seebeck effect. The
first main field of application is the relative temperature measurement. The
electromotive force generated by the temperature difference is almost linear
for specific pairs of conductors within a certain temperature range. Thermo-
metric use can be obtained by setting one junction to a known temperature
(reference temperature) and the other junction is placed at the location to be
measured (see fig[llT)). Consequently the generated Seebeck voltage of the
pair of conductors (thermocouple) becomes a function of the temperature
of the measuring junction. When the functional dependence is known the
temperature at the measuring junction can be determined. Today the tem-
perature measurement by thermocouples is a widely established and reliable
method for almost every temperature range.

6This assumption is based on ideal materials with parabolic bands. The effective mass
of a charge carrier is furthermore dependent on its energy and momentum relationship.

-1
To be more precise, it is: m* {%} , where F is the energy of the charge carrier and

k is the absolute wave vector.
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Us

Material B Material B

Measuring Junction Reference Junction

Material A

Figure 1.1: Schematic drawing of a relative temperature measurement by
a thermocouple. The reference junction is set to a known temperature Tg
whereas the other junction is placed near the point of measuring at a tem-
perature Ty, When a temperature difference between Tg and Ty exists, a
voltage generated by the Seebeck effect can be observed at the point Us.

Peltier elements are another well-known application based on one of the
thermoelectric effects. Mostly thermoelectric cooling is intended and con-
sequently an electrical current is applied in these modules. These modules
consist of several dozens to hundreds of thermocouples, which themselves are
made of two different types of thermoelectric materials: n-type and p-type,
which have electrons and holes as major charge carriers, respectively. The
thermocouples are electrically connected in series and thermally connected
in parallel and therefore can build up a cold and hot side on the two surfaces
of the Peltier element, depending on the direction of the electrical current.
In figure a typical construction of a Peltier element is shown. A “Peltier
element”[’] can also be used as a thermoelectric generator, when a heat flow
is present. Then the reverse effect, i.e. the Seebeck effect, will generate a
voltage and consequently converts a temperature difference into electrical
energy. However the efficiency of thermoelectric modules and the operat-
ing temperature range were still limited, especially for higher temperatures
than 473 K, which is the upper limit for bismuth telluride based thermoelec-
tric modules. With the onset of space missions and the need of autarkic
power generation, thermoelectric materials were investigated in-depth from
the early 1960s on. Metals as thermoelectric materials were finally replaced
by more efficient semiconductors, such like BisTes ﬂa—@] The research effort
in thermoelectric generators and materials was mainly (quite independently)

"In the operation mode as thermoelectric generator, the module is actually not named
Peltier element. The design of such a thermoelectric generator however is identical to a
Peltier element.
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Figure 1.2: Typical construction of a Peltier element/thermoelectric module
(right) and an enlarged schematic of a thermocouple consisting of a n- and
p-type thermoelectric material (left).

put by the United States and the Soviet Union and lead to the first radioiso-
tope thermoelectric generators (abbr.:RTGﬁ) with a reasonable power output
up to several hundred watts. The heat source is created by a material, which
releases heat by radioactive decay (e.g. PuO, containing Pu**®) and the heat
sink is created by heat radiation into the space. Famous examples, where
RTGs were applied are the Voyagerﬁ or Cassini—Huygen@ missions.

Today thermoelectric generation and refrigeration is used in a consider-
able scope of applications, its utilization however remains in niche markets,
where high conversion efficiencies are not the main criterion. This trend is
changing, which can be seen to the ongoing effort for optimization of ther-
moelectric materials, development of module technology comprising novel
thermoelectric materials and new fields of application regarding waste heat
recovery in terms of sustainable usage of (fossil) energy. Recent thermoelec-
tric applications are found in waste heat recovery systems in the automo-
tive industry m] or industrial (combustion) facilities ﬂﬂ], Microgenerators /-
refrigerators (e.g. Lab-on-a-Chip modules) ﬂﬁ , high efficiency power gener-
ation modules in autarkic space technology , p.515 ff.], cooling systems of

8Radioisotope Thermoelectric Generator
9Voyager 1,2 missions (NASA, year 1977)
10Cassini-Huygens mission (NASA, year 1997)
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electro-optic devices ﬂﬂ] and in major/small appliances (e.g. refrigerators,
air conditioners) [@] Along with the enhancement of the system efficiency
and reliability, high interest lies in the optimization of thermoelectric materi-
als, which forms almost the basic of all further requirements. The interested
reader may consider following work of Riffat et al. @], which is a noteworthy
overview of recent and potential thermoelectric applications.

1.3 The Figure of Merit Z

First discussions on the efficiency of thermoelectric generators and refrigera-
tors were made by Edmund Altenkirch in the years 1909 and 1911 NE, E],
where he identified the requirements for high efficient thermoelectric materi-
als for both applications, which are as follows:

e High thermoelectric coefficient (i.e. Seebeck/Peltier coefficient)
e High electrical conductivity (reduces Joule’s heat)

e Low thermal conductivity (minimizes heat transfer losses)

The mathematical form of these requirements was formulated by Ioffe,

who introduced the figure of merif Z which is defined as B]

Z="" (1.9)
where o is the electrical conductivity, S the Seebeck coefficient and x the
thermal conductivity, respectively. Frequently the thermal conductivity is

furthermore split into its two components:

K=FKe+ Kl |, (1.10)

"Lord Raleigh discussed this issue already in year 1885 ﬂﬂ] However his interpretation
was not completely correct.

2In literature the capital Z is also referred to a “device”-Z and the lower case letter z
to a “material”-Z E] This distinction is mainly motivated by the fact that a high efficient
thermoelectric module is not solely dependent on a material with a high thermoelectric
efficiency. For the device-Z more issues are considered than only the transport properties
of the material. In this thesis “Z” is the material-Z and therefore refers to the transport
properties of a thermoelectric material.
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where k) is the lattice thermal conductivity and s, the electronic thermal
conductivity, respectively. This is based on the fact that the lattice thermal
conductivity is caused by lattice vibrations (phonons) and the electronic
thermal conductivity by the charge carriers of the material. Z has the units of
inverse Kelvin [K™!]. For a more convenient handling the dimensionless figure
of merit Z'T was introduced, where the absolute temperature 7" is multiplied
by Z. The maximum efficiency of power conversion with a thermoelectric
material can be further expressed in terms of the Carnot efﬁcienc Nearnot
and the dimensionless figure of merit Z7', which is as follows:

V1I+Z(L+T)/2) — 1
V1+Z(h+T.)/2) + T/ Te

Equation (ILIT]) shows clearly that the Carnot efficiency is reduced by the
figure of merit, which is attributed to the entropy of the system. Furthermore
the term S? - o is frequently utilized with regard to thermoelectric cooling
applications and is called power factor Good thermoelectric materials are

considered as having a ZT" of around one and above and a power factor of
around 1 x 1073 Wm 1 K~2,

TITE = Tcarnot * (111)

1.4 Single Parabolic Band and Debye Model

The characterization of thermoelectric materials involves in first order the
measurement of the variables in equation (L9, which are the temperature
dependent values of S, ¢ and k. This is reasonable, since the efficiency of
the thermoelectric materials is a main criterion for the advancement of the
research on thermoelectric materials. For a further understanding of the
materials however a physical interpretation of the particular variables is nec-
essary. This is complicated by the fact that S, ¢ and x are interdependent
on each other and are determined by several different physical/chemical phe-
nomena.

Both, the single parabolic band model and the Debye approximation facilitate
the interpretation of the measured transport properties of the skutterudite

1377carnot = TI‘T_T“, where T}, is the temperature of the heat reservoir and T, is the

h
temperature of the heat sink, respectively.

4The power factor is used within the calculation of the maximum power generation
2.
Pmax = %~
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material. The former is used to interpret the electronic characteristics of the
skutterudites and its deviations from a metal with a single parabolic band
structure. The other - the Debye approximation - makes an estimation about
the weighing of different scattering types (e.g. phonon-phonon interactions
or scattering at crystal defects) and consequently gives more insight into the
lattice thermal conductivity of the material and help to further interpret pos-
sible deviations from this model (e.g. due to bipolar thermodiffusion).

In this chapter both models, the single parabolic band model and the Debye
model, are introduced and briefly described. These models can be applied
to a certain extent to the skutterudite material class. Further details will be
discussed in upcoming sections (see ch ).

1.4.1 Single Parabolic Band Model

The thermoelectric effects are non-equilibrium situations and consequently
complicate an exact calculation of the macroscopic transport properties. Sci-
entific papers from Thomson B], Boltzmann @ and Onsager ] helped to
overcome this problem by assuming certain boundary conditions and simpli-
fications. With the work of Onsager this non-equilibrium situation can be
regarded as a collection of local equilibria, which can be used to simplify the
ansatz for the general Boltzmann transport equation, which has to be solved
to derivate the macroscopic transport equations:

+ fr
field

T+ fr
diff

fr=Ji

(1.12)

scatt

In equation (II2)) f denotes a distribution function, fx is the net rate of
the change, with k being a general label for the states of the carriers, and
fil the particular distributions which may change per time and are caused
by a certain physical mechanism (z =diff (diffusion), « =field (external field),

x =scatt (scattering)). The basic expression for the Seebeck coefficient from
the linear response theory is

S — _L L th — — 5
pr/Lep Wi — LygE + LypNT

(1.13)

where L;; denotes the macroscopic transport coefficients, J is the elec-
trical current density and U the heat current, E the electrical field and T'
the absolute temperature, respectively ﬂﬂ, p.270 ff.]. In the single parabolic
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band model the Seebeck coefficient S at a constant temperature becomes
then (see e.g. ﬂﬁ, p.36 ff.,p.61])

Ui

( >> , (1.14)

kB 0 T+g Fr
(n)

ot % . E,

where kg is the Boltzmann constant, e the electronic charge, r is the scat-
tering exponentd, 5 the reduced Fermi energy (n= Ep/(kg-T)), and F the
Fermi-Dirac integral (F;(z) = r(j1+1) I eXp(ttjx)H dt, with I'(j + 1) = jI'(4),
I'l) =1, I'(1/2) = /m I'(n) = (n — 1)!). For temperatures beyond the
Debye temperature Op acoustic scattering was assumed for the calculation,
which is in terms of the scattering exponent r = —1/2.
Furthermore the carrier concentration ny, can be determined and is math-
ematically derived from the Boltzmann transport equation as follows (Fistul

formalism ﬂﬂ] ):

+
+

D= [olw

. 3/2
mmm:Q(&T%@z) Fi(n) (1.15)
with h being the Planck constant, 7' the absolute temperature and m*
the density of states effective mass@ The density of states effective mass
m* can be determined by adjusting it to the measured data in a S-n dia-
gra. The fitted value of m* denotes the density of states effective mass
for a single parabolic band. In a more complex band structure, where several
bands at one point in the reciprocal space may exist (i.e. non-parabolic), the
fitted value of m* is a mean value of several effective masses and additionally
with different weighting. Nevertheless, with this procedure, m* can be eas-
ily approximated and the band degeneracy can be directly identified, when
the measured values of the Seebeck coefficient and the carrier concentration
systematically deviate from the model.
For separation of the lattice and the electronic thermal conductivity (see

eq.(LI0)) the Wiedemann Franz law (see eq.(L23))) was applied and the

15 depends on the type of scattering and is defined here as: neutral impurities (r = 0),
ionized impurities (r = 3/2) and acoustic scattering (r = —1/2).

16Tn other derivations the prefactor of the Fermi-Dirac integral is occasionally imple-
mented in eq.(TI5) and consequently yields to a (slightly) different notation of npeit,:

- 3/2 . i~ ;
Nholtz = % (2”";#) : F% (n) with Fj(z) = fo m dt
TThis diagram is also named “Pisarenko” plot.
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Lorenz number was estimated as a function of temperature from the mea-
sured S data assuming the single parabolic band model and exceptionally
the acoustic phonon scattering. The calculation of the Lorenz number is of-
ten necessary for thermoelectric materials since the value for a metal (Lo =
2.45 x 1078 V2 K™?) frequently overestimates the electronic thermal conduc-
tivity in this treated temperature region. This leads to an underestimated lat-
tice thermal conductivity, which then apparently cannot be further reduced
due to its supposed low value. The Lorenz number in the single parabolic
band model (see e.g. , p.51],@, p.138]) is found to be

e () () g

The presented model of course does not comprise every physical aspect
of the investigated material. Its limits are visible most notably for intrinsic
semiconductor behavior and in the case of bipolar thermodiffusion. First
is explainable by the excitation of intrinsic electrons, which at a particular
temperature are located in the conduction band and consequently shift the
electrical conductivity, thermal conductivity (due to the heat conduction
by the extra electrons) and the Seebeck coefficient (where the imbalance of
the electronic charge due to a temperature difference evens out to a certain
extent). Second, the bipolar thermodiffusion effect occurs commonly in small
bandgap semiconductors ﬂﬁ, ] and is most significant, when more than one
type of charge carriers are present. A more detailed description can be found,
e.g. in @, p.112] and ﬂﬁ, p.44].

1.4.2 Debye Model

The calculation of the lattice thermal conductivity is carried out to draw
conclusions about the particular scattering mechanisms, which are taking
place at the projected temperature between 300 and 700 K in the skutterudite
material. In the Debye model ﬂﬁ] all branches of the vibrational spectrum
are replaced by three branches with the identical dispersion relation:

w=c-k |, (1.17)

with w being the angular frequency, ¢ the speed of light and k the wave
vector. With this “crude approximation(s)” ﬂ_l;ﬁ, p.458] a simplification of
the Boltzmann equation can be attained, without knowing the exact phonon
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spectra of the material. Thus the phonon relaxation time 7,,, which consists
of several scattering types, can be approximated and compared to the experi-
mental data. In this model the lattice thermal conductivity x; is derived from
the thermal conductivity data x(7") by application of the Wiedemann-Franz
law (see eq.(L23)) and the calculated Lorenz number Ly (see eq.(LI6])). In
the following the derivation of the lattice thermal conductivity is briefly sum-
marized and the main assumptions of this model are presented.

The thermal conductivity x is mathematically described in the kinetic theory
as follows

m:%C’-v-l . (1.18)

C is the specific heat capacity, v the mean velocity of the particles
(phonons) and [ is the mean free path between two scattering events. Equa-
tion ([LI8)) is phenomenological a good description of the thermal conductiv-
ity. However a mathematical treatment of the lattice thermal conductivity &,
which is a non-equilibrium transport parameter, has to consider the micro-
scopic response by the crystal lattice due to heat conduction, i.e. to obtain a
solution of the Boltzmann transport equation with reasonable assumptions.
The linearized Boltzmann equation can be written as

fph_ [()]h ﬁTa Ig)h

U, 1.19
Tph g aT ? ( )

where fpp is the phonon distribution function, flgh the local equilibrium
distribution and 7, is the phonon group velocity. It is an assumption of the
linearized Boltzmann equation to distinguish between a local equilibrium
distribution fgh and a (general) distribution function fy, i.e. the system
will experience a local distribution, which tends to return to the (general)
distribution function. Furthermore the Bose-Einstein distribution is valid
here, since the involved particles are phonons. In the diffusion term of the
Boltzmann equation (right side of equation (ILI9)) a temperature gradient is
present, which represents (a steady state) temperature field in the specimen.
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When the equation (LI9) is solved &, can be expressed as follows:

Q

1
" _W—T) - 2712

hw/kBTQ . ehw/kBT

- d
(efw/knT — 1)2 v

7m3Tph(w) , (1.20)

with ’@ ’ being the heat flux, wp denotes the Debye frequency (wp =

kgOp/h), v is the average phonon velocity (simplification by the Debye
theory) and for f, the phonon distribution function is inserted (fg, =
1/(exp[hw/kpT] — 1)). When fw/kgT is substituted by = and the Debye
temperature Op is entered in equation (L20)), it gives the Debye approx-
imation, which is applied in this work to compare it to the experimental
data:

kg (kT s ol rte® d (1.21)
T o \h Tph (er —1)2 v '
0

Equation (L2])) is clearly dependent on the phonon relaxation time 7y,
which is governed by the Matthiessen rule @, é] and the different scatter-
ing mechanisms. Consequently the inverse phonon relaxation time can be
approximated by the expression:

C 2
Tp_hl = 2 4 Aw* + BwT e~/ ~

. e (1.22)

with wy being the resonance frequency of the filler element (discussed
later), L is the average grain size, and the coefficients A, B, C' are the fitting
parameters. The terms on the right side of equation ([22]) represents the
boundary and point defect scattering, phonon-phonon Umklapp processes
and the phonon resonant scattering contribution, respectively. Boundary
scattering is dominating in the low temperature regime, whereas Umklapp
scattering is strongly present at higher temperatures. Point defect scattering
is important for the intermediate temperature range and the phonon resonant
scattering is an approach to include the characteristic of the skutterudite
material.

18The calculation can be read in detail e.g. in [31] (in german).
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1.5 Concepts for Novel Thermoelectric Ma-
terials

One of the recent concepts for novel thermoelectric materials was formulated
by Slack, who successfully initiated a new research on novel thermoelectric
materials ] In his work he highlighted five major points, which are im-
portant for efficient thermoelectric materials:

1. Reduction of the lattice thermal conductivity r,
2. High carrier mobility p (for both n- and p-type materials)

3. The density of states effective mass m* should be equal to the free
electron mass my

4. The bandgap energy E, should be equal or higher than 0.25eV (see

[34])

5. i,k and m* are independent of the charge carrier concentration n, and
k1 and m* are independent of temperature T’

Point (1) refers to the fact that the electronic thermal conductivity k.
is strongly correlated to the electrical conductivity of the material. This is
described in the Wiedemann-Franz law, where the electronic thermal con-
ductivity is related to the electrical conductivity:

ke=DLo-0o-T . (1.23)

Ly is the Lorenz number, which is in the range of 107 V2K~2. In consid-
eration of an enhanced ZT' the electronic part is an inevitable contribution
to the overall thermal conductivity. Consequently the reduction of the lat-
tice thermal conductivity is the only possible way to optimize the thermal
conductivity without deteriorating the electrical conductivity. Thus it is of
interest, what is the possibly lowest lattice thermal conductivity. Slack calcu-
lated the minimum thermal conductivity for several compounds [@] These
values are comprehensibly very close to that of amorphous materials, e.g. the
minimum thermal conductivity i, of CoSbs is Ky, = 0.37 Wm ™1 K1 @]
Point (2) considers the charge carrier mobility p, which is proportional to
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the electrical conductivity ¢ and inversely proportional to the charge carrier
density n. This can be expressed as follows:

c=n-e-u , (1.24)

where n is the charge carrier density, e the electron charge and p the
charge carrier mobility. It has to be noted that the equation (L24]) accounts
for one type of charge carriers, i.e. n- or p-type. In total it is assumed
that a high charge carrier mobility is most desirable and can be expressed in
terms of a good thermoelectric material as the weighed mobility U E, @, @]
Accordingly the weighed mobility U is defined as:

U=p- (@)3/2 . (1.25)

mo

Equation (20 already explains point (3), which proclaims a balanced
ratio of the density of states effective mass m* and the free electron mass my.
Point (4) is mainly based on calculations, which were carried out by Mahan

|. He found that the best semiconductor for large figure of merit should
be 10 kg1, where kg is the Boltzmann constant. At room temperature it
gives a value of 0.25eV. Lower values tend to a decrease of the absolute
Seebeck coefficient and a rise of the thermal conductivity at higher tempera-
tures due to bipolar thermodiffusion. Point (5) denotes that the parameters
of the figure of merit are interdependent and of different weight. For this
reason decoupling of parameters and optimization processes would be de-
sirable. Optimization is needed e.g. for the doping concentration and as a
consequence for the charge carrier density. Latter increases indeed the elec-
trical conductivity, however it deteriorates the absolute Seebeck coefficient
value and the carrier mobility. Slack furthermore pointed out that metals,
even semi-metals do not tend to have large Seebeck coefficients. Therefore
small bandgap semiconductors seem to be ideal, because those comprise a
reasonable Seebeck coefficient and at the same time a good carrier mobility
and low thermal resistivity. The bandgap can be also regarded as a result
of the “character” of the bonding which also provides further information
of the material, e.g. for large bandgaps ionic bonding can be assumed (and
therefore high ), whereas for smaller bandgaps of semiconductors more co-
valent bonding is expected.
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Slack formulated his concept in form of a key term ( “Phonon Glass Elec-
tron Crystal”)@, which concisely encompasses the five assumptions. This
concept pushed forward the discovery of new thermoelectric materials, such
like cage compounds, where a decoupling of thermal and electrical properties
is possible to a certain extent. Nevertheless recent publications also tend to
deviate from this path and e.g. search for strong dependencies between the
density of states effective mass and the charge carrier density at different
temperatures [38] or attenuate the concept, like in the case of rattling in
skutterudites [39)].

A widespread field of new thermoelectric compounds and especially its
synthesis was disclosed by studies of low-dimensional material systems. Early
works of Hicks and Dresselhaus showed that with the use of quantum wells
the power factor should be significantly increased @] This was one of the
starting points@ to investigate on superlattices, quantum wires, quantum
dots and nanostructuring of thermoelectric materials in general, in respect
of an increased ZT. A considerable improvement of the figure of merit was
demonstrated in diverse material systems, e.g. BiyTe/ShoSe, PbTe/PbTeSe,
SiGeC/Si, GaAs/AlGaAs and InGaAs/AllnGaAs [42-149]. This enhancement
was obviously achieved by a controlled structuring of the material and to a
smaller extent by the chemical composition of the compound itself. Even
silicon, which possesses a low figure of merit, exhibits improved thermoelec-
tric properties by a specific structuring of the material |50, @] Based on the
experiments of low dimensional thermoelectric materials it was assumed that
bulk nanocomposites should also help to further reduce the thermal conduc-
tivity and on the other side retain the electrical properties of the material @,
p.203-259]. Works of Poudeu and Kanatzidis showed that pervasive nano-
sized precipitates can lead to a vast improvement in bulk materials @, @]
These precipitates are formed due to coulomb interactions of ions or thermo-
dynamic reasons and are believed to be stable even at higher temperatures.
Nanostructuring by harsh methods such like planetary ball milling or spin-
melting revealed that these approaches can lead to an enhanced figure of
merit under certain circumstances @] However grain growth or densifi-
cation of the nano-powders may occur and for this reason short-term com-
paction of these materials are mostly preferred (e.g. spark plasma sintering,
current assisted sintering). For further detailed information the reader may

Yabbr.:PGEC
20gee also [41]



18 Chapter 1. Introduction

consider following recent review articles about investigations on low dimen-
sional systems and other nanostructuring approaches i@@]



Chapter 2

Skutterudite Materials

“Meines Wissens bin ich der Erste gewesen,
der die Aufmerksamkeit auf die Krystalle
dieser Species hingeleitet hat.”
K.F. Bobert writing about the skutterudite
mineral in [59, p.221]

The origin of the name skutterudite derives from its place of finding,
namely the cobalt mines in Skutterud (Norway), where the naturally occur-
ring mineral CoAss was firstly discovered and described @, @]E The general
formula of skutterudites is TPng (or more convenient: T,Pnys), where T is a
transition metal and Pn is a pnicogen atom. It comprises a cubic structure
with 32 atoms and corresponds to the space group Im3 (No.204), where the
transition metals occupy the 8c-sites (1/4,1/4,1/4) and the pnicogen atoms
the 24g-sites (0, y, z), respectively @] The pnicogen atoms form a rectan-
gle (four-membered ring) and enclose the transition metal in an octahedral
coordination. Oftedal assumed that this pnicogen rectangle is strongly con-
strained, i.e. y + 2z = 0.5, which is apparently not the case in practice and
shows therefore a little rectangular distortion @, chapt.33]. Furthermore
Jeitschko et al. have shown that the skutterudite structure can be modi-
fied by insertion of maximal two additional atoms, which fill the 2a vacant
sites (0,0,0) of the unit cell and occupy a body-centered position in the cubic
structure Né] (see figlZTl). There is a huge variety of elements, especially

Tt should be noted that K.F. Boebert (director of the cobalt mine in Skuterud in
the early 19th century) stated in his work that he was assumably the first person who
discovered the skutterudite material and started to call attention to it @, p.221].
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rare earths, which can be taken as a “filling” atom. Constraints for the selec-
tion are mainly the atom/ion radii and the electronegativity of the relevant
element. First is based on the fact that the vacant site of the skutterudite
structure comprises a limited space and second the (weak) interaction with
the local electronic environment (i.e. with the pnicogen atoms) has to be
considered, so that predominantly the filling atom possesses an electronega-
tivity significantly lower than the Pn-atom [64)].

Skutterudites, based on transition metals from the group 9 (including cobalt),
can be diamagnetic semiconductors, which applies e.g. for CoSbs. Its lattice
constant at room temperature ranges from about 7.7 A for CoPs to 9.3 A
for IrShs @] CoSbs has a lattice constant of 9.0385 A @] Other tran-
sitional metals (e.g. from group 10) can lead to a metallic behavior of the
skutterudite compound with paramagnetic properties @]

2.1 Thermoelectric Properties

The thermoelectric properties of skutterudites were firstly examined by Dud-
kin et al[ more than 50 years ago @] It was found that CoSbs features in
fact a large Seebeck coefficient, though comprises a relatively high thermal
conductivity, which made it apparently less interesting as a thermoelectric
material. An important step forward was made by Slack in the 1990s, who
proclaimed the concept of a phonon-glass electron-crystal (see sec[H) for
novel thermoelectric materials, which induced a search for new materials,
such as cage compounds (e.g. Clathrates, Skutterudites). First investiga-
tions on the transport properties, carried out by Morelli et al. showed that
filled skutterudite CeFe ;Sbis possesses a vastly reduced lattice thermal con-
ductivity and at the same time a high electrical conductivity, ensuing to an
enhanced Z7T of 0.125 at room temperature @] For high temperatures the
ZT for this material system (CeFe,_,Co,Sbys) reaches up to about 0.9 at
800 K ] In this vein, a more or less systematic search on different filler
and /or pnicogen and transition metal elements started and resulted in a huge
diversity of single filled skutterudites with highly optimized thermoelectric

2Seebeck’s work @] refers to a term "weisser Speiskobalt’, which is sporadicly believed to
be a skutterudite compound @] Gustav Rose, who discovered many minerals, includin
the perovskites (CaTiOg3), suggests that it refers to a mineral called Cloanthite (NiAsg) @g,
p.51 fI.]. This leads to the assumption that Seebeck did not investigate on a skutterudite
mineral in his original work.
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Figure 2.1: Schematic of a filled skutterudite crystal structure (transition
metal T=blue, pnicogen Pn=green, filler atom R=orange). The unit cell at
the top left shows the octahedra, which are formed by the pnicogen atoms and
surround the transition metal. The unit cell at the bottom right shows the
pnicogen rectangles and the cubes, which are formed by the transition metal.
The schematic was made by the program VESTA [@/

properties ﬂﬁ, @, @, @, M]

The ultimate cause of the improved thermoelectric properties for single filled
skutterudites is due to a sensitive interaction between the filler atom and the
host lattice. This phenomenon can be visualized e.g. by inelastic neutron
scattering, where an additional mode in filled skutterudites can be observed
for low phonon energies @] Koza et al. furthermore showed that this in-
teraction is not primarily reducing the phonon mean free path (which was
firstly believed), but the group velocity of the phonons Nﬁ] Thereby the
lattice thermal conductivity can be vastly reduced.

A further advancement was the insertion of two or more different filler el-
ements in the skutterudite structure, which was expected to create extra
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vibrational phonon modes, which would scatter the phonons at different fre-
quencies leading to a further reduction of the thermal conductivity @, @]
Thus this enhancement of the thermal resistivity is caused by a drastic change
of the phonon spectra at lower energies (where heat conduction is most promi-
nent), but on the other side the electronic properties of the compound was
more or less retained @] Nevertheless the beneficial effect of the individual
fillers is hardly traceable by handling of more than two different elements,
which enables hundreds/thousands of possibly stable compositions and opens
up a large parameter space.

2.2 Recent Progresses in Research of Skut-
terudite Thermoelectric Materials

Skutterudites have attracted much attention as promising thermoelectric ma-
terials for the recent two decades. This development was strongly promoted
by a concept of Slack (see sec[IH]). According to Slack, a good thermoelectric
material possess a large unit cell, heavy constituent atoms, low differences in
electronegativity of the constituent atoms and large carrier mobility. These
requirements are fairly satisfied for the skutterudites.

In 1993 Caillat first announced that binary skutterudites are having the
“potential to overcome the Z7T' limit of 1” ﬂé] However it was not the bi-
nary skutterudites that exhibit the high thermoelectric figure of merit. The
skutterudite crystal structure offers a large icosahedral void, which can be
occupied by foreign elements. This “filling” leads to a vastly reduced thermal
conductivity of the material without deteriorating the electrical conductivity
and the Seebeck coefficient with regard to the thermoelectric efficiency.
These filler elements can be lanthanides, actinides, alkaline (earths), and cer-
tain elements from the boron and carbon group. Noteworthy is the fact that
possible filler elements can be expanded by applying high pressure during
the synthesis, which was revealed e.g. for iodine in RhShs [84] or several
elements in RuPj @]

First filled skutterudites (LaFey;P15) were synthesized and structurally char-
acterized by Jeitschko et al. in 1977 @] Polycrystalline CeFey_,Co,Sbis
and LaFe; ,Co,Sbjy material (with 0 < = < 4) were the first filled skut-
terudites, which were characterized in terms of thermoelectric properties by
Sales et al. in 1996 ﬂﬂ] The following year Singh et al. presented the first
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calculated thermoelectric properties of lanthanum filled skutterudites from
first principles with a local-density approximation @] In the year 1997 a
first attempt to explain the effectiveness of the filler elements with regard
to the lattice thermal conductivity was done by Sales et al. ﬂﬁ] According
to the paper the large atomic displacement parameter of the void filling el-
ements is believed to describe an independent Einstein oscillation and was
subsequently denoted as “rattling” in this context
This oscillation of the filler element is capable of scattering the heat carry-
ing phonons efficiently, which is reflected in a considerable reduction of the
thermal conductivity (q.v. @, @]) Furthermore it was observed also by
Meisner that partial void filling with relatively low fractions of the filler ele-
ment have already a major influence on the thermal conductivity @] Nolas
et al. described in his review article M] this phenomenon and excluded mass
fluctuation scattering as only source of the observed thermal conductivity re-
duction referring to the formalism of Callaway @] /Abeles @] and denoted
it as an “interesting approach for further optimization of the transport prop-
erties for thermoelectric applications”.
After a decade it became apparent that mainly two compounds are in the
focus for thermoelectric applications: CoSbs and FeSbs. The compound
FeSbs is metastable and can be synthesized by substitution of Co in the host
compound CoSbs. From elementary constituents un-doped FeSbs can only
be prepared as thin film with sophisticated molecular beam epitaxy devices
@f This p-type compound is capable of reasonable ZT' values for high
temperatures between 300 — 700 K when it is stabilized and optimized in
terms of thermoelectric efficiency by filling/doping elements @]
In 2004 Toprak et al. revealed a positive impact of nanostructuring of CoSbg
material on the thermal resistivity. Wet chemical synthesis was applied in
this study to fabricate skutterudite nanoparticles in a very controlled way
@] Comparable results were observed with CoSbs nanocomposites, which
also reduce the thermal conductivity significantly @] Double and mul-
tifilling of the skutterudites was approached by several groups and led to
extraordinary Z'T" values particularly for n-type material and after 2010 even
for p-type compounds ﬂé, @, @jﬁ] It is assumed that due to several
specifiable Einstein oscillations of the different filling species the efficiency of
phonon scattering is strongly enhanced.
Early attempts to interpret the mechanisms of filling were made by Shi et al.,

3see also [88]
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who investigated on the filling fraction limit for these intrinsic voids in the
skutterudite crystal @] The maximum filling fraction is according to the
study determined by the valence state, electronegativity and the formation
enthalpy of secondary phases (e.g. CoShy, ISbhs) of the specific element I.
Calculations showed that solely considering the formation enthalpy of filled
skutterudites itself is insufficient to explain the experimentally obtain results
and mostly predict a total filling fraction of all voids - which is not the case.
This approach to estimate the filling fraction is apparently valid for most
dual-element filling, i.e. the fraction limit of a dual-element filling is com-
posed of the particular single element fraction limits @] Fraction limits of
multiple filling (three or more) elements is based on its diversity and com-
plexity not yet systematically analyzed M]

Moreover Shi et al. proclaimed a rule of thumb for suitable filling atoms
@]: Firstly the (ionic) atomic radius of the filling element should be close
to the space provided by the icosahedral void, because it will not enter the
vacant lattice position if the ion/atom is too large. In the opposite case it
does diffuse out, because the element does not bond sufficiently with the sur-
rounding environment. Secondly the electron negativity of the filling atom
plays a crucial role, which is due to the indispensable bonding to the Sb (or
more general the pnicogen) atoms. It was suggested that heavy elements
from the noble gas group (e.g. Xe) would be the most beneficial filling ele-
ment in terms of thermoelectric efficiency @, p. 152 ff.]. However attempts
resulted in the fact that such filled skutterudites cannot be synthesized.
Filling of the skutterudite material does influence the thermal and the electri-
cal conductivity. For this reason the filling elements can enhance the power
factor o -S? dramatically, i.e. its doping effect contributes to an optimization
of the charge carrier density in respect of the thermoelectric efficiency. Fill-
ing elements typically provide one (e.g. TI'T) to three electrons (e.g. Ce3")
to the skutterudite structure, which means a heavily doped semiconductor
with electrons as its major charge carriers (i.e. n-type) is easily accessible.
Filler elements do not always act as donors and it was shown by Fukuoka et
al. that iodine can be inserted as a filling anion in RhSbz by applying high
pressure during the synthesis @] However there are only very few examples
reported, where the filling element act as electron acceptor.

For p-type material charge compensation has to be considered. This is pre-
dominantly done by substitution of Co with Fe in the CoSbs material, which
acts as a dopant for the intermetallic site (8¢ Wyckoff position) and creates
one hole per atom, because of the electron deficiency of Fe in comparison
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to Co. On account of this, a thermoelectric ideal composition out of several
filler elements and iron in CoSbjs is supposed to be more difficult to produce,
because the additional electrons from the filling element add up to the mi-
nority charge carriers, decreases the effective mobility and as a consequence
counteracts to some extent to an optimized power factor.
The primary macroscopic effect of filling the void in the skutterudite crys-
tal is the enhancement of the thermal resistivity. An insight into the main
scattering mechanisms with simple models was done e.g. by Nolas et al. in
2006 . Therein the lattice thermal conductivity data from low to high
temperatures of different skutterudite materials, i.e. unfilled CoSbs, Yb/La
filled skutterudites and tin doped and filled skutterudites were analyzed.
At low temperatures, boundary scattering is - as was expected - the main
scattering mechanism for pure CoSbs material, which is superimposed at
higher temperature by point and boundary scattering. At high temperatures
(> 300 K) Umklapp scattering is the dominating scattering mechanism. For
the filled skutterudites the intermediate temperature (above room tempera-
ture), where the thermoelectric figure of merit is highest, is of main interest.
In this region an additional term, the resonance scattering contribution, is
introduced, which fits with the experimental data. It is notable that Umk-
lapp scattering is not a major concern for the unfilled and filled skutterudites,
which is based on the fact that in the intermediate temperature, where the
resonant scattering is most efficient, Umklapp scattering is of less importance
|. Point defect scattering is contributed to the order-disorder state at the
void lattice site (2a position). Alloy scattering from Sn atoms was discussed
and highlighted as potential scattering mechanism, which already showed a
vast reduction in the lattice thermal conductivity for unfilled skutterudite
material.
Kim et al. showed in his recent calculations with Ba,Co,4P;s skutterudite ma-
terial that the low thermal conductivity can be described with point-defect
scattering by the Ba atom for the composition with z=0-0.25 @] For higher
filling fractions (z=0.25-0.5), where secondary phases are expected the calcu-
lated interfacial scattering matches fairly with the experimental data, which
shows a minimum in the lattice thermal conductivity in the regime with a
secondary phase. Accordingly this is apparently dominated by a significant
reduction of the long-range acoustic phonon transport.
The mechanism of the observed Einstein oscillation by the filler element in
the skutterudite material was described in more detail by Koza et al., which
revealed a well-defined phase relation of the host lattice and the filler atom
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@} Electron spin resonance measurements of Ce;_,Yb,Fe,P15 material fur-
thermore suggest that the Yb3* ion is spending more time at off-center than
on on-center positions in the oversize cage, depending on the given tem-
perature M] The paradigm of the PGEC concept is therefore not fully
applicable on the filled skutterudite material system, which was renamed by
Koza et al. to “Phonon Crystal Electron Crystal”, because of the distinct
correlation of the host skutterudite lattice with the filler atom.
Matsuhira et al. showed that the estimated Debye temperatures of skutteru-
dite compounds are mainly dependent on the nature of the pnicogen elements
(249 Wyckoft position) and the Einstein temperature to a certain extent cor-
relates to the energy of the low energy optical mode that are caused by the
filler atoms M] The fact that the pnicogen rings are primarily responsible
for thermal conductivity of the skutterudite material can be read e.g. in |65,
p.167 ff.].
The skutterudite material shows high figure of merit at intermediate tem-
peratures. Nevertheless for industrial applications the mechanical properties,
thermal stability, oxidation resistance and possible large-scale production are
of eminent importance. Several groups investigated on these issues and found
very appealing mechanical properties @, @] Thermal cycling was found
to be partly problematic and attempts with aerogel were carried out at the
Jet Propulsion Laboratory to suppress the Sb loss of the skutterudite material
]. Furthermore it was found that the oxidation resistance of pure CoSbs
material seems to be stable at least below 673 K and slowly decompose in vac-
uum or under inert conditions at higher temperatures |. For filled skut-
terudites the oxidation-sensitivity might be increased at higher temperatures,
however studies on this and especially on large scale production issues are
only sparsely reported. Melt-spinning techniques were successfully applied
and show enhanced thermoelectric efficiency due to the high grain boundary
density and subsequently low thermal conductivities ﬂﬂ@] New syn-
thesis methods for skutterudite compounds are still under investigation and
already showed advances in terms of processing durations of skutterudites.

[116].

Indium as filler atom plays a peculiar role in the CoSbs skutterudite
material. It was indeed found to have very promising thermoelectric proper-
ties, which are comparable to the “traditional” filler elements |. However
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it is debated whether In can access permanently the void interstitial in the
skutterudite crystal lattice, because indium possesses significantly different
properties than other typical filler elements, such as rare earth elements @]
Furthermore InSb as secondary phase is believed to enhance the thermoelec-
tric properties, when it is abundant as nanosized precipitates in the skutteru-
dite bulk material HE] Whether indium can access the icosahedral void or
exclusively functions as nanosized InSb precipitates is still under current in-
vestigation and as a consequence the interest on indium filled skutterudites

is still lively 121].
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Chapter 3

Experimental Methods

The experimental methods used in this thesis comprise different instruments
and devices. The skutterudite material is first synthesized and subsequently
compacted. In between and especially after the compacting of the mate-
rial the thermoelectric properties were determined (i.e. k,0,5). This was
mostly done as a function of temperature ranging from about 300 K to 700 K.
Furthermore an analysis of the microstructure was carried out as well as
structural properties of the skutterudite material. These measurements were
typically done at room temperature and/or low temperatures. This chap-
ter will provide information how the skutterudite material was synthesized,
compacted and prepared for the particular measurements. Additionally brief
introductions are given for thermoelectric characterization methods (at ele-
vated temperatures), powder diffraction and electron microscopy.

3.1 Synthesis and Compacting

Skutterudites cannot be directly grown from the melt, because the inter-
metallic phase suffers a peritectic decomposition at 1147 K for pure CoSbs
(see figl3d]). Still, there are various methods to synthesize a skutterudite
material from elementary constituents: melt-quench-annealing, mechanical
alloying, solvothermal reaction, high pressure synthesis and recently mi-
crowave synthesis @] In this work the skutterudite material was obtained
by a melt-quench-annealing approach. As a consequence of the relatively low
density of the material and crystallographic defects after the annealing step,
the skutterudite material was compacted with a short-term sintering press.

29
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Figure 3.1: Binary phase diagram of Co and Sb (after [@/ and references
therein).

The synthesis starts with the selection of the constituents. These were cho-
sen in form of lumps, pellets or flakes to avoid oxidation of the material.
Especially for rare earth elements the work under inert atmosphere is of im-
portance - and thus was done within a glove box system.

The elementary constituents were first placed in a silica quartz tube and then
closed with a glass valve under argon atmosphere. This was done by an ar-
rangement of a glass valve, a manufactured laboratory glassware, membrane
pump and an argon gas cylinder. The evacuated quartz ampule is then sealed
with an oxygen/propane burner.

The sealed quartz ampule is then placed within an induction coil and is held
by a cord made out of silica glass. The melting process of the constituents
was supported by small vibrations to further homogenize the material. Ad-
ditionally the ampule itself was manually turned over several times. This
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was followed by quenching the ampule in water.

Subsequently the ampule is sealed in another quartz tube, which protects
the synthesized material from being oxidized in case of cracks/fissures in the
first ampule. Latter is frequently observed due to an incorporation of strain
during the quenching and a considerable thermal expansion of the skutteru-
dite material during the annealing periodﬂ The ampules are placed within a
conventional muffle type furnace and were long term annealed (typically one
week).

After the annealing process the material was pulverized and placed in a
graphite die. The sintering press is a current assisted device, which heats
the graphite die and the skutterudite material by application of a high direct
current and thus heats up the material by Joule’s heat. In parallel, a pressure
in the range of 5 x 10! MPa was applied to densify the material. This whole
sintering process typically takes 30 minutes in order to get a high density
skutterudite pellet. The typical diameter of the round shaped sample was
15 mm with a thickness of around 4 mm.

Sample Preparation for Thermoelectric and Structural Character-
ization

The determination of the dimensionless figure of merit Z'T" involves several
measurements. Furthermore the structural characterization of the material
demands an additional amount of samples of the same (as-cast) material. In
this part the sample preparation for different measurements and the probe
geometry is described (see fig[3.2).

The skutterudite material in this thesis is synthesized by melting the con-
stituent elements followed by an annealing step. After the heat treatment
of the material, it is removed from the silica glass (see therefore sec3]]).
In most cases, the material fills-out the inner shape of the quartz ampule,
during the melting step in the synthesis process. The cylindrical as-cast ma-
terial, which is typically around 10 g is then cut into different slices, which is
used for analysis by electron microscopy, local Seebeck coefficient and heat
capacity measurements. A considerable amount is ground in a mortar with a
pestle made out of agate. The powder is used for the powder diffraction mea-

"'With this technique most of the skutterudite material will be retained. In case of
pulverization of the material in order to place it in a new quartz ampule, this may not be
assured. Furthermore the diffusion length of a bulk material is comparably high and will
therefore benefit to the crystallization process.



32 Chapter 3.  Experimental Methods

surement and additionally for transmission electron microscopy. The main
fraction of the powder is sintered in a short-term sintering device (see there-
fore sec3)). The pellet is then cut into two smaller pellets with reduced
thickness (around 2mm) from which one is used for measuring the density
of the sample and the temperature dependent diffusivity of the sample (used
to determine - together with the heat capacity - the thermal conductivity
of the sample). The other circular shaped pellet is employed to prepare two
further bar shaped specimens, which is in one case used for a temperature de-
pendent Seebeck coefficient measurement and in the other for a temperature
dependent electrical conductivity measurement. Main advantage is that the
temperature dependent measurements can be carried out without thermal
cycling of the specimens (an alternative are simultaneous S-o-(k)-measuring
instruments). One bar shaped specimen is typically used to additionally de-
termine the room temperature Seebeck coefficient (an averaged value from
the local Seebeck coefficient values) as the temperature dependent Seebeck
coefficient measurement uses a passive way of cooling and therefore attains
values only above room temperature (see sec3.2.2)). Furthermore one of the
bar shaped specimens is used to measure the Hall coefficient and its electrical
conductivity at room temperatureﬁ In the Hall measurement the thickness
is proportional to the Hall constant and therefore small thicknesses are de-
sirable. For this reason the bar shaped sample is additionally cut in the
horizontal plane to obtain two further samples with a thickness of about
0.6 mm. The Hall specimens are typically prone to breaking, so it is ideal to
have a backup specimen in case of damage. The specifics of every specimen
can be viewed in figure

3.2 Electrical and Thermal Characterization

The measurements of the macroscopic transport properties (i.e. k,0,5) at
temperatures in the range between 300 K and 700 K are in parts carried
out in purpose-built instruments, which were constructed in-house at DLR.
These measuring instruments were specifically designed to minimize the ef-
fect of possible measurement uncertainties due to heat radiation and degra-
dation/oxidation of the probe head material, samples and chemical reactions

2A high temperature Hall-S(T)-o(T)-measurement device is currently in the stage of
development and uses a circular sample geometry.
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Figure 3.2:  Schematic drawing of the sample preparation beginning
from the as-cast skutterudite material to the particular type of measure-
ment.  The acronyms and parameters denote following measurements:
a(T)=temperature dependent diffusivity, p= density at room temperature,
k(T)= calculated thermal conductivity from o(T'), p and c,, S(T)= tempera-
ture dependent Seebeck coefficient, S(x,y)= local measurement of the Seebeck
coefficient, o(T)= temperature dependent electrical conductivity, Ryu= Hall
coefficient at room temperature, o= electrical conductivity at room tempera-
ture, u= effective mobility calculated from Ry and o, PXRD= powder X-ray
diffraction, ND= neutron powder diffraction, TEM= transmission electron
microscopy, SEM= scanning electron microscopy, FIB= focused ion beam
(as sample preparation for TEM),c,(T)= temperature dependent heat capac-
1ty.

1= Diamond Wire Saw
2= Grinding, Milling
3= Short Term Sintering
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between them. The measurement of the thermal diffusivity at high tempera-
tures is carried out by a commercial laser flash apparatus, which determines
together with the density and heat capacity measurement the thermal con-
ductivity. The local Seebeck coefficient measurement and the Hall measure-
ment setup are also home-built devices. In this section these instruments are
introduced and subsequently described.

3.2.1 Electrical Conductivity

The measurement of the electrical conductivity/electrical resistivity is car-
ried out by a 4-point probe method, i.e. the current is applied to the sample
by wires different from the wires used for sensing the voltage. The four-
terminal sensing eliminates contributions from the impedance of the wiring
and (small) contact resistances and is therefore a frequently used method to
determine the electrical conductivity @, ch.23].

Inaccuracies may occur by a direct current 4-point measurement of thermo-
electric materials. This is caused by the thermoelectric materials themselves,
which typically possess a high Peltier coefficient and as a consequence create
an additional Seebeck voltage due to the induced temperature gradient along
the sample. For this reason an alternating current is used, which is chosen
in the range of few Hz to avoid capacitive and inductive effects.

The current contacts of the boron nitride probe head are Pt-wires welded
to Inconel blocks. The pins for voltage sensing are made of tungsten and
have an interspace distance of around 3mm. The contacts can be in both
cases pressured on the sample either by a tungsten spring (current contacts)
or by a tungsten screw (voltage probe tips). The sample temperature is
recorded by a Pt-Pt/Rh thermocouple, which is located at the specimen
mounting. The sample has a bar shaped geometry and has a typical size of
12mm x 3.5mm X 2mm.

The probe head is inserted in the quartz tube placed in a tube furnace and
the measurement can be carried out under inert atmosphere or vacuum. The
temperature of the tube furnace is adjusted by a PID controller and the
measurement is done by a precision digital multimeter in combination with
a frequency generator. The electrical conductivity is calculated from the

3 Austenitic nickel-chromium-based superalloy
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measured resistance R of the specimen according to:

L1
A R’

where [ denotes the interspace of the tungsten pins and A the sample
cross section of the specimen.

(3.1)

[

3.2.2 Temperature dependent Seebeck Coefficient

The Seebeck coefficient measurement is carried out by a 2-point probe method.
The specimen is heated up to the projected temperature and an additional
small temperature gradient (few Kelvin) is applied during the measurement
of the Seebeck voltage. Since the Seebeck coefficient measurement comprises
a temperature sensing (at the two connection points) and a concomitant
voltage measurement, both have to be carried out simultaneously - or more
precisely, within a period of time, where the condition is at equilibrium.
The probe head consists of boron nitride with two carbon parts, which are
located at the beginning and the end of the sample mounting. The graphite
part of the end has a conical surface which is thermally connected to a com-
plementary carbon rod. This construction is intended to establish the steady
state temperature gradient of the probe head and as a consequence of the
specimen itself. The measuring wires are thermocouples, which can do both,
the electrical and the thermal measurement. The thermocouples are pressed
on the sample by tungsten springs and the sample itself is fixed by a boron
nitride bar. The tube furnace is identical to the furnace used in the electri-
cal conductivity measurement, however a thermal gradient within the probe
head is obtained by a thermal coupling of the carbon rod to the surrounding
temperature outside the tube furnace (see fig[3.3).

The geometry of the specimen is similar to that of the electrical conduc-
tivity measurement, but preferably thin samples are used due to a possible
thermal gradient in flatwise planeé
The measurement is carried out in sequence, beginning with the tempera-
ture measurements of the different thermocouples, followed by the voltage
sensing and then the temperature measurement is repeated. Thus the tem-
peratures before and after the voltage sensing can be used to evaluate the
mean value. The Seebeck coefficient is then determined by the ratio of the

4“thin” means a typical thickness of the specimen of several millimeters.
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Spring mounted rolls
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Thermocouples pa——

Tungsten carbide tips

Figure 3.3: Schematic drawing of the Seebeck coefficient measurement in-
strument. In eq.(32) the denoted Seebeck voltage Us can be assigned to both
displayed voltages in the schematic, i.e. Usy or Uss.

measured Seebeck voltage Ug and the temperature difference of the two av-
eraged temperatures:

Us . US
[(Tl—before + Tl—after)/Q] - [(T2—before + T2—after)/2] A7-11,2

T _pefore 18 the temperature value at point 1 prior to the voltage sensing
and T _.qer denotes the temperature measurement after the voltage sensing.
The measurement at point 2 on the sample is accordingly. The averaged
temperature difference is described as ATj,. The temperature difference is
typically a few Kelvins and lessens when the inside temperature of the tube
furnace possesses a value near room temperature by reason of the passive
cooling. Mostly the Seebeck coefficient measurement is done in the cooling
down period to exclude noise, which may come from the heater, the thyristor
or the temperature controller. All these devices are shut down in the cooling
down period.

S:

(3.2)
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For several temperature dependent Seebeck coefficient measurements a
different home-built instrument was utilized (indicated in the particular dia-
grams), which is based on a different method, more comparable to the local
Seebeck coefficient measurement (see following section). The instrument fea-
tures an active heater for the small temperature gradient and thus different
temperature gradients can be established. The Seebeck coefficient S of the
sample is determined by

_ —Usy
T, — 1T,

where Usg; is the Seebeck voltage measured with one wire of the thermo-
couple, T7 and T5 are the temperatures at the particular connection points of
the specimen and S; is the temperature dependent Seebeck coefficient of the
wire material. Furthermore the Seebeck voltage Ugy of the specimen using
the other wire of the thermocouple is recorded. This leads to a more accurate
determination of the Seebeck coefficient, since the inaccuracy of the thermo-
couples and the dark electromotive forceﬁ can consequently be deducted:

S +S(T) (3.3)

o —[5(1) — Sy(7)
1 — (dUs; /dUsy)
The derivative of the measured Seebeck voltages dUs; /dUss in eq.(34) is

determined by a linear regression. Furthermore S5 is the temperature depen-
dent Seebeck coefficient of the other wire material.

+Sy(T) . (3.4)

3.2.3 Local Seebeck Coefficient

The scanning Seebeck coefficient microprobe can locally measure the See-
beck coefficient of a (thermoelectric) material by application of a heated tip,
which scans the surface of the material in a raster pattern. It allows one to
obtain information about the homogeneity of the material in regard to the
Seebeck coefficient. The instrument is indeed a home-build instrument, but
is nowadays commercially available ]

The Seebeck coefficient microprobe consists of a x-y-z positioning stage, a
sample holder and a probe head. For the measurement a precision digital
multimeter is used, which process the data from the thermocouple wires. The

5i.e. an unwanted leak voltage
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probe head comprises a custom-made heated tip, which is able to press onto
the material’s surface with an adjustable force. When the heated tip touches
the surface a local heating in the vicinity of the tip occurs and a tempera-
ture gradient establishes. At the two wires (Cu-Cu, CuNi-CuNi), which are
both electrically and thermally connected to the probe tip and the specimen,
different voltages U, and U; are measured yielding the Seebeck coefficient of
the sample Sgample according to the equations

Ug = (Ssample - SCu) : (Tl - TO) (35)
U = (Ssample - SCuNi) : (TI - TO) s (36)

which can be combined to the expression

Uo
Ssample - m : (SCu - SCuNi) + SCu . (37)

T1 is the temperature at the probe tip and Tj is measured on the sam-
ple with a significant distance to the probe tip. Latter is realized either
by a welded contact between the thermocouple and the sample, or a ther-
mocouple, which is located in the sample holder and for this reason has a
good electrical and thermal contact to the specimen. S, and Scun; denote
the literature values of the Seebeck coefficient of copper and copper-nickel.
The measurement is typically carried out in a raster scan of an user-defined
geometry (several millimeters) at room temperature in air.

3.2.4 Hall Coefficient and Hall Mobility

The Hall coefficient and the Hall mobility of the samples are measured with
a 6-point probe method at room temperature. In figure B.4] it is shown that
from point contact 1 to 2 the current is impressed into the bulk sample and
the Hall voltage Uy is measured by using the point contact 3-5 and 4-6, re-
spectively. Furthermore the point contacts are used to measure the electrical
resistivity by the 4-point probe method, i.e. contact point 1 and 2 are used
for imprinting the current and the point contacts 3-4 and 5-6, respectively,
are used to measure the electrical resistivity on two different points. Per-
pendicular to the sample an electromagnet is installed, which can create a
magnetic field up to 0.9T. The Hall effect induces a small voltage, which
has to be determined by a precision digital multimeter. For this reason a
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Lock-In amplifier is used to imprint an AC current (19.1Hz, 2V), to detect
the Hall voltage and to avoid generation of Peltier heatfd. The strength of
the magnetic field was recorded by a teslameter. The instrument is capable
of measuring the Hall voltage and the electrical resistivity from about 10 K
to room temperature, due to a resistive heater near the sample mounting in
combination with a closed cycle helium cooled cryostat. For the typical mea-
surement the different magnetic field strengths and the corresponding Hall
voltage are recorded. The sample thickness is determined by a caliper and
the distances between the point contacts are measured by a light microscope.
The current, which is impressed in the sample, is constant. For this reason
one can derive the Hall constant Ry from a linear regression of the Uy-B
diagram (Hall voltage Uy versus magnetic field strength B) according to

M -
Ra= "0 (3.8)

where M is the slope of the linear regression in the Uy-B diagram and d
the thickness of the specimen. In the measurement the current I does not
change significantly and is for this reason as before mentioned regarded as a
constant value. The effective charge carrier density ny is then determined by
equation (7). For the evaluation of the Hall mobility py the Hall constant
Ry has to be multiplied with the corresponding electrical conductivity o (see

eq.(L).

3.2.5 Thermal Conductivity

The thermal conductivity x is obtained in this work by the measurement
of the density p, the heat capacity ¢y and the thermal diffusivity « of the
sample, according to

K=p-cp-a . (3.9)

It is notable that the heat capacity at constant pressure ¢, is almost iden-
tical with the heat capacity at constant volume ¢y for solid state materials
and is for this reason assumed to be equal.

Diffusivity measurements in this work are carried out by a commercial laser

bsee sec[3.2.2 for further explanation about the Peltier heat
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Figure 3.4: Schematic drawing of the 6-point Hall measurement setup, show-
ing the forces F,, F1, and velocity v of the charge carrier (here: electron),
which are induced in the sample by a magnetic field B. The parameters
,b and d denote the particular dimensions of the sample (length, width and
thickness, respectively) and the numbering specifies the particular electrical
contacts of the sample with the setup /

flash analyzer. Here the sample is placed in the sample holder, which is en-
closed in a vertical tube furnace under inert atmosphere. The sample will
be heated to the particular temperature and is subsequently illuminated by
a pulsed infrared laser. The controlled laser shots establish a small temper-
ature increase due to the additional heat, which is recorded at the backside
of the specimen by an infrared sensor as a function of time. The thermal
diffusivity « is then evaluated by the time dependent temperature change
0T /0t according to ]

86—7; =aV*T . (3.10)

For the measurement it can be assumed that the heat pulse is instanta-
neous, located at one point and behaves adiabatic in terms of the temperature
rise. Then the evaluation of the thermal diffusivity yields to @]

1.38.L°

. tl/g

a (3.11)

where L is the uniform thickness in 107? m and t; /2 is the time required for
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the back surface of the specimen to reach half of the maximum temperature
rise.
The density of the material is measured in this work by the Archimedes
method. This simple technique comprise the determination of the weight in
air and in water. Thus the volume of the specimen V; can be calculated as
follows due to the displaced water:
v, = e e (3.12)
Pw

In equation ([BI2) m, is the mass of the specimen, m,, is the weight of
the specimen under water and p,, is the density of water. The density of the
specimen p can then be calculated by the ratio of the mass and the volume
of the sample (p = m,/V;). This measurement is done at room temperature.
The changes of the density as a function of the temperature is small and
for this reason p is kept constant. The calculated values of the thermal
conductivity will be therefore overestimated because the density commonly
descends with increasing temperature.
The heat capacity measurement was carried out in a differential scanning
calorimeter. An extensive study of the heat capacity on skutterudites was
carried out by Stiewe et al. M], which showed almost constant heat capacity
values for the skutterudite compound as a function of temperature. Above
all, the sample preparation for measurements with the differential scanning
calorimeter is critical and can lead to significant deviations. As a consequence
the heat capacity value ¢, was assumed to be constant and was set equal to
the value of 0.23J g~ K=, which is also the value derived from the work in

[27) 0

3.3 Powder Diffraction

In this thesis powder diffraction measurements have been carried out to de-
termine the phases and the structural properties of the skutterudite powder.
In this section a brief introduction is given to the measurement principle,

"An calculation according to the Dulong-Petit law outputs a value, which is almost
identical to the value of 0.23Jg 1 K~1: ¢, = 3R ~ 24.9Jmol ' K~! — ¢,,/Mcosp, - 4 =
0.235J g ' K~ with Mcoshs = 424 g mol~! being the molar mass of CoSbs, ¢,, is the molar
heat capacity according to Dulong-Petit, R the universal gas constant and the factor 4
due to four involved atoms in the compound.
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which can be applied for both, X-ray and neutron powder diffraction.
When a visible beam is normally scattered at the surface of any material,
optical diffraction occurs, which can be regarded as a daily experience. In the
case the beam consists of particles with a wavelength equal or less in com-
parison to interatomic distances (typically in the order of 107'°m) strong
deflection of the incident beam occurs. This effect was explained by W.L.
Bragg and his father, who proclaimed that the particles of the incident beam
are systematically scattered at the lattice planes of the crystal. As a conse-
quence the crystal structure (or type of Bravais lattices) can be determined
by analyzing the incident and the reflecting beam. When the condition is
met that the angle of the incident beam is equal to the angle of the reflecting
beam then Bragg’s law applies:

Nbragg * A = 20pragg - SINO (3.13)

Nbrage 15 an integer, A the wavelength of the incident beam, djyage is the
spacing between the planes of the crystal and © is the angle between the
incident beam and the particular planeﬁ There are several different types
of measuring devices that use the diffraction method to determine the crys-
tal structure of a material. Nevertheless the Bragg-Brentano and Debye-
Scherrer geometries are most common for powder diffraction measurements,
where in principle all possible © angles are recorded simultaneously (reflec-
tion, transmission) and the wavelength of the incident beam is fixed (e.g.
Cuka, with A = 1.5405A). To capture the reflecting/transmitted beams
a special photographic film was used, which encircled the sample in a cer-
tain distance. For measurements nowadays the photographic film is replaced
by electronic detectors, which run a circular path from the perspective of
the sample. For neutron powder diffraction a further method is frequently
used, which is called the time-of-flight (TOF) measurement. In this case the
wavelengths of the incident neutrons are known] and scatter at the powder
sample. The sample itself is surrounded by fixed neutron detectors, which
record the reflecting beam. This is alike to the early Debye-Scherrer method
with a photographic film, however at the fixed detectors the measurement
is time resolved, and an extra diffraction pattern can be recorded at every
detector itself (fixed ©, varying A). For further information about powder X-

8Tn the neutron powder diffraction pattern dprage 15 equal to the expression d-Spacing.
9The neutrons with different wavelength possess different velocities and are therefore
separated by the time/duration of flight.
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ray diffraction it is referred to a textbook M] For more informations about
time-of-flight neutron powder diffraction the interested reader may consider
following website .

3.4 Electron Microscopy

Electron microscopy analysis was carried out to obtain high resolution images
of the material and as a consequence characterize its microstructure. Further-
more energy dispersive X-ray measurements were carried out to determine
the chemical composition of the material and the precipitates. This estab-
lished measurement technique is written similarly condensed like in sec3.3]
Optical microscopy uses light and a system of lenses to enlarge a particular
object to a certain degree. However the order of magnification in light mi-
croscopy can only be achieved to a certain extent due to a physical limit of
the resolving capacity using visible light. The resolving capacity is propor-
tional to the wavelength of the applied beam and therefore it is necessary to
use light with a shorter wavelength in order to get higher magnification lev-
els. Another approach is to use electrons instead of electromagnetic waves,
which can have a thousandfold smaller wavelength than visible light. As
lenses, electrical and magnetic fields are being used to manipulate the path
of the electrons. These findings led to the construction of an electron micro-
scope in the 1930s, which in principle does not differ from a conventional light
microscope. Two parallel developments in the field of electron microscopy
were followed. One type directs the electron beam entirely through the thin
specimen, transmits it, is then subsequently magnified and captured by a flu-
orescent screen/detector - a so-called transmission electron microscope. The
other type uses a focused electron beam, which scans the surface of the spec-
imen in a raster pattern. Two main physical effects occur at this moment.
The focused electron beam is partly backscattered and can be subsequently
captured by a detector (backscattering mode). Another effect is that the
incident electron beam creates secondary electrondd in the material itself,
which can to a small extent leave the material’s surface. These secondary
electrons can then be captured by applying an electrical field and a detector
(secondary electron mode). The second type of electron microscopes is called
scanning electron microscope.

An electron beam of high energy mostly causes a X-ray excitation in the

0By definition all electrons which possess an energy equal or less than 50eV.
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material. Each element has an unique atomic structure and therefore has its
own characteristic X-ray fingerprint. Latter is cause by excitation of electrons
in an inner shell by the electron beam. Thus the created hole in the inner
shell can be occupied by another electron, which is coming from a higher-
energy shell. The difference in energy is then either transferred to another
electron (Auger electron) or it can be released as an electromagnetic wave
(characteristic X-ray). For this reason it is possible to determine the chem-
ical composition of the specimen by evaluating the X-rays created within a
considerable volume of the specimen.

Further literature about electron microscopy can be found e.g. in following

textbooks @, ]



Chapter 4

Results and Discussion

4.1 Sample Preparation of Indium and Rare-
Earth (Gd,Ce) filled Skutterudites

The basic composition CoShs is an intermetallic compound with a peritectic
point at 1147 K (see figl31]). Thus the skutterudite compound would dissoci-
ate in thermal equilibrium at 1147 K from CoSbs into CoSby and elementary
antimony (solid = solid+liquid). When the compound is synthesized from
a melt, two further regions above this peritectic point have to be considered.
Between 1147 K and 1209 K there is the v+L region and furthermore at higher
temperatures from 1209 K to about 1338 K the S+L region is present. As a
consequence this temperature range from the liquid phase L to the peritectic
point has to be transcended quickly, which is mostly realized by quenching
the melt to room temperature. However this harsh treatment prevents the
formation of a reasonable crystalline product. A subsequent annealing has to
be carried out to obtain a crystalline skutterudite structure. The annealing
temperature thereby has to be significantly below the peritectic point and
the duration should be chosen in such a way that the diffusion/crystallization
process can almost entirely be carried out.

At the beginning highly purified (elementary) constituents are inductively
melted within an evacuated silica tube. The high purity of the elements is
actually not mandatory for highly doped semiconductors, where the main in-
fluence will be dominated by the primary doping element(s) - the impurities
would act as minority carriers in the material. Here it was chosen so that
even lower doped/filled samples can be synthesized and hence the thermo-

45
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electric properties can be determined. The presence of water inside the silica
glass itself and oxygen inside the silica tube has to be avoided, because of
potential oxidation of the skutterudite material or possibly more important
the oxidation of elementary constituents. For this reason the quartz ampule
was fabricated by first heating up the entire silica tube with a burner and
subsequently fixing a silica joint at the end of the quartz tube. With this
procedure most of the moisture within the silica tube disappears. When the
quartz ampule is filled by the constituents it is flushed with argon before it
is evacuated and sealed. This removes most of the oxygen, which is present
in the ambient air. Skutterudite material containing rare earth elements re-
quires working entirely in inert atmosphere, because of the pyrophoricity and
the susceptibility to oxygen of rare-earth elements.

The material is then melted by induction at 1423 K for around 1.5 h to provide
a homogenized melt. Synthesis experiments with a rocking furnace showed
comparable results, when the rocking speed and the tilt angle of the furnace
is optimized. This homogenization is specifically important for doped and
filled skutterudite compounds, where constituents can have a proportion of
weight equal to one atomic percent or less.

After the melting process the ampule is quenched in water, which rapidly
cools down the material. At the same time a thermal stress is introduced
into the quartz material, which makes the silica glass sensitive for further
thermal or mechanical treatments. Furthermore rare earth elements react
exothermally with elementary antimony and form intermediate compounds
in the ampule before it is completely dissolved in the melt. From this chemical
reaction the silica ampule suffers even more, which is observable at the inner
wall of the quartz material. The exothermal reaction can be prevented in-
side the quartz ampule by an additional intermediate step, which comprises
arc melting of elemental cobalt and the corresponding rare earth element.
This precursor material can be put together with indium and antimony and
can be processed as mentioned before. Experiments have shown that these
additional steps may have a detrimental effect on the resulting skutterudite
material (discussed in sec[43.3)). The small ampule was furthermore encased
in another bigger ampule under vacuum conditions and was subsequently
sealed. In case of damage of the silica glass during the annealing treatment
the material is protected from oxygen.

The annealing was carried out in a conventional furnace at typically 973 K or
1073 K (see therefore the experimental details in the particular sections) for
168 h, which entailed mostly a highly crystalline skutterudite material with
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comparably big grain sizes. The chosen heating and cooling rate was typi-
cally 2Kmin~!. In parts the cooling period was replaced by an additional
quenching step.

For the compaction with a current-assisted sintering device, adequate pa-
rameters had to be found, i.e. the sintering temperature, holding period,
heating/cooling rate, applied pressure and prior grain size of the skutteru-
dite powder. The chamber of the sintering device was evacuated and was
additionally flushed with argon to minimize the oxygen content. The heat-
ing rate was about 1Ks™! from 393K to the target temperature of about
903 K with a holding period of around 0.5h. The cooling period is of major
importance in regard to crack formation within the sample and as a conse-
quence pressure-less cooling in an argon atmosphere was mostly preferred.
The applied pressure during the sintering process was slowly raised from
18 MPa to 54 MPa and retained up to the beginning of the cooling step. The
skutterudite was mostly finely ground by mortar and pestle.

4.2 Indium filled Cobalt-Antimony Skutteru-
dites

Indium filled skutterudites have potential thermoelectric properties from
around 300 K until 700 K. Nevertheless the peculiar role of indium in the
skutterudite structure is not yet fully understood, because it is doubted
whether indium can occupy the void lattice site of the skutterudite struc-
ture. The investigation of In:CoSbz material will focus on the thermoelectric
properties, structural changes in relation to the filling fraction and the sec-
ondary phases, which can possibly form at higher additions of indium.

4.2.1 Experimental Details

The polycrystalline In,CosSbis (x =0.05, 0.1, 0.15 and 0.2) specimens were
synthesized by induction melting followed by thermal annealing. Stoichio-
metric amounts of indium, antimony and cobalt with a degree of purity of
at least 99.99+% were loaded in silica tubes and sealed under vacuum/argon
conditions at a pressure of about 1073 mbar. The raw material was melted
for 1.5h at 1423 K in an induction furnace, which causes a ’stirring’ effect
of the cobalt pellet and therefore benefits to a mixing of the melt. Further-
more manual tilting and rocking of the silica tube was necessary for an ideal
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homogenization. Annealing was carried out in a programmable furnace at
1073 K for 168 h with a heating and cooling rate of about 2 K min=t. Crys-
tallographic and microstructure analysis of the as-cast material was carried
out by powder X-ray diffraction using Cug, radiation (A = 1.5406 A) from
20 = 10 — 80 with a step size of 0.02deg and a scan rate of 500sdeg™! and
SEM together with EDX was applied on embedded as-cast specimens. Fur-
ther investigations with a transmission electron microscope were performed
on specific samples, which were either prepared by an focused ion beam
(FIB), or by a conventional powder preparation. The spatial distribution of
the Seebeck coefficient S(x,y) on a large area of the sample ingot (typically
I mmx7mm) was determined at room temperature by a home-built Potential
& Seebeck Microprobe (PSM) @] For characterization of the temperature
dependent Seebeck coefficient S, electrical conductivity o, thermal diffusiv-
ity a and room temperature Hall coefficient Ry, densification of the ingot
material was carried out. This was achieved by a current assisted short-term
sintering of the skutterudite powder in a graphite die at typically 900 K and
50 MPa for 0.5h. Measurements of high-temperature Seebeck coefficient S
and electrical conductivity o were performed using temperature differential
and 4-point probe methods. The thermal conductivity x was calculated from
the thermal diffusivity a measured by a laser flash analyzer, specific heat] Cp
and density p using the relationship k = « - ¢, - p. The density was measured
by the Archimedes method at room temperature. The TE properties at high
temperatures were measured typically in the range from 300 K to 700 K.

4.2.2 Results

This section comprises the results from phase and structural analysis of the
as-cast material and in the following the Seebeck coefficient, electrical and
thermal conductivity data as a function of temperature. Hall measurements
and neutron powder diffraction data of the skutterudite material are pre-
sented in the end of this section.

Figure 1] shows the powder X-ray diffraction pattern of indium filled
skutterudite samples with different indium concentrations after the anneal-
ing step. It is clearly visible that all shown samples form almost a pure
skutterudite phase (see figlZdl). The natural skutterudite compound CoShg

e, is used instead of ¢, due to the almost identical values for solid state materials.
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exhibits a body-centered cubic symmetry and belongs to the space group Im3
(No.204, cubic). The typical lattice parameter of phase-pure CoSbs material
is around a = 9.0385 A, has a theoretical density of p = 7.631gcm™> and
comprise a molecular weight of 424.18 gmol~! with a corresponding volume
of V = 738.40 A3 (see JCPDS No. 78-0976). The indium filled skutterudite
samples show high crystallinity and a considerable expansion of the lattice
parameter in regard to pure CoShs. From Rietveld refinement the estimated
lattice parameter of InggsCosSbis is a = 9.041 A and increases with indium
filling fraction up to a = 9.048 A in the case of the composition IngsCosSbys.
In the region of low 260 in figure [4.1] a broad signal may be detected in several
diffraction patterns, which originates from the almost non-diffracting silicon
substrate. Impurity phases such as InSb, Sb, and CoSh, appear only for
highest filling fraction of = 0.2 with a proportion between 1% to around
3%. InSb is an intermetallic compound exhibiting a face-centered cubic crys-
tal symmetry (F43m, No.216). The lattice constant of InSb is typically
a = 6.4782A and it is the only binary compound of indium and antimony
(see JCPDS No. 06-0208). Elementary antimony has a rhombohedral crystal
structure (R3m, No.166) with typical lattice parameters of a = 4.3007 A and
c=11.222 A, respectively (JCPDS No. 85-1324). Further possible impurity
phases are CoSb and CoSbh,, whereas only the latter is observed in the PXRD
pattern of the Ing,Co4Sbis compound. CoSby is monoclinic and possesses
the space group P21/c (No.14, JCPDS No. 29-0126). Elementary Co and In
was not found in the diffraction patterns.

In the SEM images the skutterudite material show large grains with sizes up
to several hundred micrometers in diameter (figl2]). Furthermore the as-cast
skutterudite material exhibit pores, and consequently possesses only a low
density (< 90% of the theoretical density) and has to be consequently further
processed /compacted. In the case of the as-cast material with highest filling
in the series of indium filled samples (z = 0.2) secondary phases, such like
InSb, Sb and CoSbh,, appear. A more detailed investigation results that these
precipitates possess a substructure, where secondary material is surrounded
by another material. EDX measurements suggest that these spherical pre-
cipitates consist of elementary Sb, which are enclosed by another InSb phase
(see figlL3). Experiments on higher filling fractions of indium (x > 0.2) was
carried out by Mallik et al. , which show a decomposition of the skut-
terudite material, with large amounts of secondary material.

In figure @4 TEM and SAED images of the FIB samples with the com-
position Ingg;CosSbiy and Ing,CoysShis are displayed, respectively. It can
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Figure 4.1: Powder X-ray diffraction pattern of as-cast In,Co,Sbyy skut-
terudite material (with x = 0.05,0.1,0.15 and 0.2), prepared by induction
melting and subsequent annealing. The numbers in brackets denote the hkl
lattice planes of the skutterudite phase and the symbols show traces of the
impurity phases. In the inset diagram the corresponding lattice parameter a
18 depicted.

be clearly seen that both images show rod-like patterns, which at first view
appears to be inherent nanostructures of the material.

It should be noted this result was also observed in another study, where
Mallik et al. (DLR) investigated on skutterudite material with additions of
indium far above the filling fraction limit of the skutterudite material @]
Several Scanning Transmission Electron Microscopy (STEM) measurements
were carried out to obtain a high resolution image of these structures (fig[4H]).
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Figure 4.2: Images from Scanning Electron Microscopy showing the surface of
as-cast skutterudite material (In,CoyShys). All images feature pores, under
which image (a) exhibit large grain sizes and image (b) show inhomogeneities
indicating several impurity phases within the as-cast material with an indium
filling fraction of x = 0.02. Both images were taken in the electron backscat-
tering mode.

Further analysis with EDX (mapping) however did not lead to a reasonable
answer with respect to the chemical composition and the underlying mecha-
nism how these structures form. This issue was mainly clarified by using a
different preparation method for the skutterudite material, since it is known
that the gallium ions, which are employed in the focused ion beam method,
may have an influence on the sample. For this reason other specimens were
prepared by a conventional powder preparation, which comprises a finely
ground material placed on a copper grid. This method did not show any of
these rod-like structures, leading to the conclusion that these artifacts are
due to the ion beam itself. It can be speculated that this might have to do
with the indium content in the skutterudite material by reason of a higher
density of rods with the amount of dissolved indium.

TEM-EDX measurements on the specimens were carried out and can be
seen in figure [.0] which were focused on the objective evidence of indium in
the skutterudite matrix. The TEM-EDX measurements were carried out in
a phase pure skutterudite region, which was ensured by electron diffraction
of the investigated area (see figlZ@]). It can be seen that for different sample
preparations and with different filling fraction an indium signal is detectable.
It is notable that with higher indium fraction a higher indium signal is ob-
tained, even though impurity phases are already formed in the Ing2Co4Shio
sample.
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Figure 4.3: Images from Scanning Electron Microscopy showing the precip-
itates found in the IngoCoysSbyo as-cast skutterudite material. It is visible
that the secondary material exhibits a substructure, which indicates InSb and
elementary Sb.

Figure shows the spatial distribution of the Seebeck coefficient S along
the ingot samples with different filling fractions (z = 0.05,0.1,0.15 and 0.2).
Typically an area of 7mm in length and 1 mm in width was measured on a
cross-section of the ingot samples. All samples show n-type behavior (i.e. a
negative sign of the Seebeck coefficient) at room temperature. The distribu-
tion of S values can be accessed by the histogram of the local Seebeck coef-
ficient data (see figll8)). The room temperature Seebeck coefficient, which
is obtained by a Gaussian fit of the S(z,y) histogram, is influenced by the
addition of indium beginning from Sy g5 = —226 VK~ for the lowest addi-
tion (x = 0.05), So1 = —180uVK™! for # = 0.1, Sp15 = —169pVK~! for
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Figure 4.4: TEM Images and electron diffraction patterns of indium filled
skutterudites with different filling fraction of indium (FIB lamellae samples).
The images (a) and (b) show the Ing05CosSbio and Ing2CoySbyo as-cast ma-

terial with the corresponding small angle electron diffraction (SAED) pattern,
respectively.
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Figure 4.5: TEM images of skutterudite material with additions of indium
far above the filling fraction limit of 1.36 at. Left image (a) is showing a high
resolution image of the as-cast material exhibiting a rod-like structure within
the specimen. Right image (b) is showing a high resolution TEM image with
the corresponding EDX mapping data (bottom figures) showing the K-line
intensities of Co, Sb, In and a superposition of Co and Sb, respectively.

x = 0.15 and Sy = —16211V K~! for the highest indium fraction (x =0.2),
which reveals a lowering of the Seebeck coefficient with increasing filling frac-
tion in absolute numbers. It should be noted that the area of ingot samples
feature pores and consequently local differences of the material’s density,
which may have an influence on the lateral Seebeck coefficient measurement,
as every measured point on the surface of the ingot sample has not the iden-
tical mechanical stability, and therefore could lead to small deviations of the
measured local Seebeck coefficient.

The skutterudite material with different indium content was short-term
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compacted and the high temperature thermoelectric properties were subse-
quently characterized. The obtained samples had a high density of at least
98%. Figure E91shows the Seebeck coefficient S as a function of temperature
within the range of 350 K to 700 K. The data show that all specimens exhibit
n-type behavior, i.e. the negative sign of the Seebeck coefficient indicate that
electrons are the major charge carriers. All skutterudite samples possess high
Seebeck coefficients (> |—100pV K™!|) and increase linearly with ascending
temperature. The absolute Seebeck coefficient as a function of the indium
concentration x increases by trend up to a value of = 0.15 and descreases
again for the sample with highest indium content in this series (z = 0.2).
The skutterudite specimens with z = 0.1 and 0.15 show an almost equiva-
lent slope of the graph with a constant difference AS of about 20 pV K=
The skutterudite sample with highest content of indium (z = 0.2) crosses
the two data sets of the specimens with = 0.1 and 0.15 at different temper-
atures (400K and 675K, respectively). The behavior of the lowest indium
filled material in this series (x = 0.05) is significantly different. It exhibits
the highest Seebeck coefficient in absolute numbers (Sp.c = —320pVK™)
and has an inflection point at about 550 K. For higher temperatures the ab-
solute Seebeck coefficient of this sample strongly descends.

Figure[@9shows the temperature dependence of the electrical conductivity o
of all compacted In:CoShs samples. All specimens show a decrease of the elec-
trical conductivity with increasing temperature. Furthermore it is observed
that the electrical conductivity o is by trend increasing with the amount
of indium in the skutterudite material and is highest for the sample with
x = 0.15, reaching about 950 Scm™! at 350 K and lowest for IngosCosSbys
with about 200 S cm ™! at 550 K. For the composition with 2 = 0.2 the electri-
cal conductivity decreases again and drops about 15% in comparison to the
Ing.15Co4Sbs specimen. The sample with = 0.05 possesses a minimum of o
at 550 K and is therefore analog to the behavior shown in the S(7) diagram.

The thermal conductivity  as a function of temperature of the short-term
sintered In:CoSbg samples can be seen in figure .9 The addition of indium
leads to a dramatic reduction of the thermal conductivity in comparison
to binary CoSbs skutterudite, which possesses a value of 11 Wm!K~! at
room temperature ﬂ@h The thermal resistivity increases with the amount
of indium in the skutterudite material beginning from x = 0.05 to 0.2. It
is notable that a significant suppression of the thermal conductivity is al-
ready obtained with an indium addition of x = 0.1, with a value of about
3Wm K™ at 500 K. The lowest value for the total thermal conductivity
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Figure 4.6: EDX measurement of the skutterudite as-cast material. The mea-
surement was carried out at a phase-pure region to exclude signals of impu-
rity phases. Diagrams (a) and (b) show a TEM-EDX measurement of finely
ground skutterudite powder with a composition of IngoCosSbyo with a differ-
ent enerqy range ((a) full range, (b) region of interest). The diagrams (c) and
(d) are TEM-EDX measurement of a FIB lamellae with varying indium con-
centration (In,CosSbis). The signals and the corresponding elements of the
particular elements are denoted within the diagram (antimony and indium).
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Figure 4.7: TEM Images of indium filled skutterudites with different filling
fraction of indium (ground material). The images (a) and (b) show both
Ing 2Co4Sbyy as-cast material prepared by different synthesis parameters (de-
tails can be found in [@]) and latter is termed as “quenched” in this work.

is obtained with highest indium addition (z = 0.2), however in this case,
the contribution of the electronic part of the thermal conductivity has to
be considered (see seclL2.3]). The Ingo5Co4Sbi2 sample exhibits a flattening
starting from about 500 K followed by an increase of thermal conductivity
above 550 K, which coincides with its characteristics of the temperature de-
pendent Seebeck coefficient S and electrical conductivity o data.

Hall measurements of the compacted samples were carried out at 270 K
and are denoted in table [l The table [£1] shows that the effective charge
carrier density ny, the Hall mobility pug and the corresponding electrical
conductivity o at this temperature. The data shows that with ascending
indium fraction of the skutterudite material the effective charge carrier den-
sity beginning from ng = 1.5 x 10 em™ for 2 = 0.05 up to a value of
ng = 9.1 x 10" em ™ with z = 0.2 is steadily increasing. The Hall mobility
puy of the skutterudite samples is inversely proportional and consequently
highest for an indium fraction with z = 0.05 puz = 245cm? V-ts7! and low-
est for x = 0.2 with a Hall mobility of puy = 8lem?V=ts™!. As already
denoted in the temperature dependent o measurement the Ing,Co4Sbis ma-
terial does not have the highest o value, but is lower than the Ing5Co4Sbys
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Figure 4.8: Diagram of the local Seebeck coefficient S(x,y) measurements
of the as-cast In,CosSbyy skutterudite material (with x = 0.05,0.1,0.15 and
0.2), prepared by induction melting and subsequent annealing. The left figure
shows the distribution of the Seebeck coefficient values along the particular
skutterudite material (histogram). The right illustration shows the local See-
beck coefficient data in x and y direction of the particular skutterudite ma-
terial. The full width half mazimum (FWHM) values are denoted below as
well as the maximum S values, which were obtained by a Gaussian fit of the
histogram data points.

specimen. This means that the further reduction of the Hall mobility in the
sample with z = 0.2 may not be completely attributed to the effective charge
carrier density, as this is continuously increasing with the amount of indium.

The calculated temperature dependent thermoelectric figure of merit 27T
for compacted In:CoSbs material is shown in figure It is observed that
the sample with x = 0.05 has the lowest ZT of all, having a maximum
ZThax = 0.3 at 550 K. Highest ZT,,.. = 0.78 at 675 K of all In:CoSbs spec-
imens is obtained for the compacted Ing15Co4Sbyo material due to a higher
electrical conductivity and a moderate Seebeck coefficient in comparison to
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np (10 em™3)  pp(em?V-1is ) o(Sem™)

Ing.05Co4Sbig

x=0.05 1.5 235 575
x=0.1 5.2 125 1034
x=0.15 7.7 113 1380
x=0.2 9.1 81 1175

Table 4.1: Results from Hall and electrical conductivity measurements of the
compacted In,CosSbis material with x =0.05, 0.1, 0.15 and 0.2 at 270K
showing the effective charge carrier density ny, the Hall mobility ug and the
electrical conductivity o, respectively.

the Ing2Co4Sbis sample. However all samples apart from the short-term
sintered sample with lowest indium fraction (x = 0.05) show a considerable
ZT in the range from 450 K to 700 K beginning from Z7T" = 0.5 to value of
about ZT' = 0.8. The errors in the measurement is based on the correspon-
dent measurement accuracy, which is assumed as follows: AS = 2pVK™!,
Ao =2Scm ™!, AT = 02K and Ak =02Wm KL

Neutron powder diffraction measurements of the In:CoSb; Skut-
terudite material

The neutron powder diffraction data of Ingg5Co4Sbis and Ing,CosShis was
recorded at four different temperatures (12K, 50K, 150 K and 300 K). The
pattern of the powder diffraction measurement can be seen in figure [L.10]
figure L11] and the Rietveld refinement results are shown in table and
furthermore in figure 121

The powder diffraction data (see figlI0) shows that both specimens exhibit
high crystallinity with an almost pure skutterudite phase. Secondary phases
are visible for the low indium filled sample (CoSbs) and high filled sample
(Sb, InSb) however the fraction is below 1% and do not show any additional
reflections at higher orders in the diffraction pattern. For the evaluation of
the data the FULLPROF program was used (see e.g. , ] and refer-
ences therein), which handles time-of-flight neutron powder diffraction data
in the J. Hodges formulation. In this formulation the peak shape function is a
convolution of a pseudo-Voigt function with a pair of back-to-back exponen-
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Figure 4.9: Temperature dependent thermoelectric properties of short-term
sintered In,CoySbyo skutterudite specimens with x = 0.05,0.1,0.15 and 0.2.
The diagrams show the Seebeck coefficient S (top left), the electrical con-
ductivity o (top right), thermal conductivity k (bottom left) and the dimen-
sionless figure of merit ZT (bottom right) as a function of temperature in
the range of 350K to 7T00K. The error is considered to be around 8% and
is based on a calculation of errors of the particular measuring instruments:
AS=2uVK™, Ac =2Sem™}, AT =02K, Ak =02Wm 1Kt

tials (see details in the FULLPROF TOF manual)ﬁ. The evaluation of the
temperature dependent data was started by refining the background param-
eters (6-coefficient polynomial function), the zero shift, the scale factor, the
absorption correction parameters, the cell parameters of CoSbs, the param-
eters of the peak shape function, the fractional coordinates of the antimony

2The parameter NPROF=10 was set in the evaluation.
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atom in CoSbjs, the occupation of Sh, Co and In (depending on its multiplic-
ity and the maximum starting composition) and the thermal parameters
of Sb, Co and In. This was first applied to the data, which was recorded
at the lowest temperature (here 12K). The evaluation of data recorded at
higher temperatures was done stepwise, i.e. the results from the previous
measurement (i.e. data recorded at lower T') were taken as a basis for the
next evaluation.

The results in figure show that the lattice parameter a of the skutteru-
dite phase increases with ascending temperature, which expresses the relative
thermal expansionﬂ of the skutterudite crystal and with regard to the abso-
lute value it describes the filling fraction in the skutterudite host lattice by
indium (the higher the lattice parameter the more indium is inserted in the
crystal). The refined positions of the antimony atom are almost identical for
both specimens and the positions do not change significantly as a function of
temperature. The Oftedal relation @] is almost fulfilled and the specimens
possess all values little below Sb,+Sb.=0.5, where Sb,, is the y position and
the Sb, the z position of the antimony in the skutterudite crystal, respec-
tively. These values are frequently found in other filled skutterudites ﬂﬁ]
The refined occupancies show that in both specimens the particular 2a po-
sitions are not fully occupied and below the starting composition and as a
consequence indicate that the indium did not fully dissolve in the skutteru-
dite phase. Most notably this is the case for the Ingg;Co4Sbiy specimen,
which possesses an occupancy of around 1 at% instead of a value of 5at%
(the starting composition).

The thermal parameterﬂ of Co and Sb are significantly increasing with tem-
perature. This behavior is seen in both specimens, with almost identical
values. The thermal parameter Bjy, of the 2a position is also shown in figure
In the evaluation of the lowest filled skutterudite sample a distinct
value of the thermal parameter at the 2a position was not quantifiable, i.e.
the uncertainty was much higher than the refined value. However the high

3The indium starting composition in the synthesis was set to the particular occupancy
of indium in the 2a position in CoSbs.

4This thermal expansion only denote the expansion of the lattice distances and can be
different to the thermal expansion determined by a dilatometer (see e.g. [137]).

5The thermal parameter in this thesis refers to the Biy, and Ui, respectively. The Big,
is the thermal parameter in the units [A?] which is refined in the program FULLPROF.
The (isotropic) atomic displacement parameter (ADP) has the same units and can be
derived from the Bis, by multiplication of a factor (Ujso=Biso/(872)) ﬂ@]
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Ing05Co4Sbia  Ing2Co4Sbig
Rp (%) 2.90 2.96
Ryp (%) 2.57 2.61
Rexp (%0) 1.29 1.31
2 3.96 3.97
a (A) 9.04185(1)  9.04816(1)
Usso(In) (A2) 0 0.016(3)
Usso(Co) (A?) 0.0038(1) 0.0040(1)
Usso(Sh) (A2) 0.00561(4)  0.00566(4)
y(Sb) 0.33495(5)  0.33517(6)
=(Sb) 0.15781(4)  0.15789(5)
Oce.(In) (%) 1 13
50k 300k (1076 K1) 8.3 8.4

Table 4.2: Results from the Rietveld refinement of the time-of-flight neutron
powder diffraction measurements (InggsCosSbia and Ing2CosShys) at room
temperature - the R-factors are taken from the measurement at the lowest
temperature. The occupancy of Co, Sb and In was refined for the 12K data
and subsequently fized for the refinement of the remaining data set (the data
recorded at 50K, 150 K and 300K ). The calculation of the R-factors can be
seen in the FULLPROF manual @, p.44]. The data was evaluated by the
FULLPROF program. oisok 300k @S the linear thermal expansion evaluated
from the lattice parameter at 150 K and 300 K, respectively, after ] The
uncertainty is denoted as follows: e.g. 0.33495(5) = 0.33495 4+ 0.00005.

filled skutterudite sample shows a dramatic increase of the thermal parame-
ter at the 2a position in the skutterudite crystal, which represents a verifiable
thermal motion of the indium atom at the 2a position.

4.2.3 Discussion

Indium filled skutterudites show potential thermoelectric properties between
300K to 7T00K. It is clearly observable that the addition of indium in-
creases the thermoelectric efficiency (i.e. ZT') of the CoSbs material, from
about ZT,.«x = 0.35 at 500 K for the Ingo5CosSbis skutterudite sample up



4.2. In:CoSbs Skutterudites 63

~ |

S| jitt | 75
= B}
By Ll A0l JL . 20 o
E E meM 150 o

=]

J
L llll l I M_,JL_ 400 &za&Q

02 06 10 14 18 22 26 3.0
d-Spacing (A)

Figure 4.10:  Time-of-flight neutron powder diffraction data of the
Ing2Co4Sbis specimen as a function of d-spacing in [A] at different tem-
peratures 12K, 50K, 150 K and 300 K.

to ZThax = 0.75 at 700K for the skutterudite specimen with high indium
fraction (IDO.QCO4Sb12).

For the Ing2Co4Sbs skutterudite composition 20% of the interstitial voids
should be occupiedEl Much higher additions of indium in the skutterudite
material are to date not reported yet, because it is empirically revealed that
a filling fraction limit far below the total number of void lattice sites in the
skutterudite crystal exists, which is in the case for indium in CoSbs about
22% m Higher indium filling fractions favor the formation of impurity
phases, like InSb and leads to a highly inhomogenous material.

The Synthesis of indium filled skutterudites is very sensitive and can
result in a macroscopic variation of the Seebeck coefficient across the synthe-
sized as-cast material. This is mainly caused by formation of stable secondary
phases and low portions of the constituents, which complicates a homoge-
neous distribution of S(z,y). Furthermore the low solubility limit of about

SWhen it is assumed that indium occupies exclusively the 2a void lattice site.
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Figure 4.11: Data and Rietveld refinement of the time-of-flight neutron pow-
der diffraction data of IngoCo4Sbio at 12K. The difference profile is shown
below the data points (blue solid line).

1.36 at% indiuIrEI in the skutterudite phase can lead to local accumulation of
indium and hence a formation of impurity phases, which on the other side
lead to a considerable reduction of the effective filling fraction in the whole
skutterudite material. As a consequence it was necessary to obtain an almost
homogenous material out of the synthesis and to avoid severe gradients or
macroscopic inhomogeneities of the Seebeck coefficient across the examined
material, which could lead to a distortion of the measurement results.

PXRD and SEM analysis showed that except for the sample with highest
indium filling fraction no impurity phases were detected. The Ing,Co4Sbis
specimen showed a small amount of secondary phases, so that it can be spec-

"In HE] the reportes filling fraction limit is reported to be 22% of all available 2a
Wyckoff positions in the skutterudite unit cell: 1.36 at%= 100 at%-0.22/(0.22+ 4 + 12)
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Figure 4.12: Results from the Rietveld refinement of the temperature depen-
dent time-of-flight neutron powder diffraction measurement of single indium
filled skutterudites (IngosCosSbis and Ing2CosSbis). Top left diagram shows
the temperature dependent lattice parameter a. Top right, bottom left and
bottom right diagrams display the atomic displacement parameter U, of the
particular elements as a function of temperature.

ulated that a formation of the phases InSb, Sb, and CoSby can already start
prior to an indium addition of 1.36 at% with this synthesis method.

A local Seebeck coefficient measurement can also be used to identify inhomo-
geneities and gradients in the material. The Seebeck coefficient is sensitive to
different phases (materials possess an unique Seebeck coefficient due to dif-
ferences in the band structures, doping level, etc.) and to the charge carrier
density (see eq.([@)) and eq.(€2])) and can therefore visualize the influence of
secondary material on the matrix phase and/or macroscopic differences in the
doping level. Latter is mostly caused by insufficient intermixture during the
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Figure 4.13: Measurement of the local Seebeck coefficient S(x,y) with the cor-
responding distribution of the particular Seebeck coefficients (histogram) show
macroscopic inhomogeneities due to insufficient mixzing within the synthesis
Process

melting process. The sensitivity increases for lower doped semiconductors
and is in many cases superior to EDX measurements of the doping element
concentration (see e.g. ]) First attempts of the synthesis procedure
showed that there can be huge differences in the local Seebeck coefficient val-
ues within the skutterudite material, which display different compositional
phases and a multiplicity of doping levels (see fig[ZT3))

The full width half maximum of the S(z, y) data provides information about
the phase homogeneity in the skutterudite material. The distribution of the
Seebeck coefficient is narrower for a heavily doped semiconductof] than for
lower doped samples - preconditioned that no severe macroscopic inhomo-
geneities are present. The microstructure is also determined by the resolving
capacity of the S(z,y)-measuring instrument. The step width of the mea-
surement was typically set to 50 pm, and thus resolves structures above this

8To differentiate between these two effects further complementary measurements have
to be carried out (e.g. PXRD, SEM, EDX/WDX).
%i.e. n is in the range of 10 cm~3
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value.

All examined In:CoSbhs as-cast samples possess an almost homogeneous dis-
tribution of the S(x,y) values across the as-cast ingots (see figlL]). The
descending absolute Seebeck coefficient values of the as-cast material begin-
ning from Ing o5Co4Shis up to IngoCosShys indicates that indium was incor-
porated to an ascending level from low to high indium addition into the mate-
rial. However the corresponding short-term compacted skutterudite samples
show a slightly different trend (see figlLd]). In the S(T") data set the highest
absolute Seebeck coefficient value was obtained for the Ing15Co4Sbqs speci-
men and not for the highest indium filled sample within this series (z = 0.2).
Two effects should be considered here: (I) It can be an effect of the instru-
ments and the subsequent evaluation. The histograms of the local Seebeck
measurements possess a small asymmetry towards lower absolute S values
and consequently a Gaussian fit may overestimate the Seebeck coefficient
value. Furthermore the temperature dependent Seebeck coefficient measure-
ments provides only S values above room temperature and therefore a direct
comparison of the two values is not possible. Moreover the temperature
dependent S(T') measurement instrument records an effective Seebeck coeffi-
cient, i.e. an integrative value of the compacted sample and as a consequence
may be different to a value obtained by a Gaussian fit of a topological Seebeck
coefficient measurement S(z,y). (II) It can be speculated that due to the
sintering process the Seebeck coefficient has been (apparently) changed. The
as-cast material does not exhibit a 100% relative density and features pores
and other mechanical irregularities. Especially the local Seebeck coefficient
measurement can be influenced by the constitution of the surface (areas of
lower density, pores, etc.). However the material may be changed during the
sintering process and the compaction can be regarded as an additional heat
treatment, which will have an impact on the thermoelectric properties of the
skutterudite material (e.g. possible evaporation of secondary phases).

In consideration of these two main points it can be concluded that especially
the occurrence of elementary Sb in the as-cast material has an influence of
the compacted sample, since its melting temperature is around the applied
sintering temperatures. Nevertheless the effect of the elementary Sb may
not be too strong, since it can be assumed there is indeed a uncertainty in
measurement, due to the pores and the lower density in the as-cast material.
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Structural and Thermoelectric Properties: The evaluation from the
Rietveld refinement of the PXRD data shows that the incorporation of in-
dium causes an increase of the lattice parameter in comparison to pure CoSbs
having a lattice parameter of a = 9.0385 A at room temperature. When the
interstitial void is filled the inserted atom will interact with its surround-
ing/cage, which consists primarily of pnicogen atoms (here: Sb). According
to literature the expansion of the lattice parameter a occurs for all filling
elements, and is based on the ion radius and valence state of the particular
filler element ﬂ@] A strong variation is e.g. observed with Ce (Ce,Co4Sbis),
where an expansion of a can be around 0.2 % with a filling fraction of 0.6 at%.
In the opposite case e.g. Nd (believed to be Nd*) exhibits a minor change
of the lattice parameter a below 0.04% with a relatively high filling fraction
of about 1.8 at% @] In this work the evaluation of a shows that the in-
dium filling causes an increase of a about 0.08% with a filling fraction around
1.2 at% and therefore appears to have a considerable lower impact on the lat-
tice parameter than the elements with a high positive charge (e.g. Ce3") and
can be compared to those with a lower valence state. In** in an eight-fold
configuration possesses an ion radius of 1y, = 1.06 A M], which is relatively
small in comparison to other filler elements, such as Ba*" (rg, = 1.56 A in
eight-fold configuration D or Yb** (rp, = 1.28 A in eight-fold configura-
tion ]) Especially the fact that the Gd** ion is not considered to be a
filler element in CoSbs due to its small ion radius (rqq = 1.19 Ain eight-fold
configuration M]) makes an In®" ion less probable. The experimental ra-
dius of In'" in eight-fold configuration, which is assumably much larger than
In3*, is not reported in literature. Latter may be a cause of the rarity of
such an oxidation state of indium.

The results from the temperature dependent thermoelectric properties mea-
surement (i.e. k,0,5) depict a clear trend of the different In:CoSbs com-
pounds. The thermal conductivity x, which is a major parameter especially
in the material class of the skutterudites, shows a considerable decrease of
the thermal conductivity with ascending indium addition. The thermal con-
ductivity s of pure CoSbs is about 11 Wm~' K~ at room temperature [134]
and is reduced by half with an indium addition of about 0.3 at% (z = 0.05)
(Ing,05Co4Sby2). The thermal resistivity is highest when the reported fill-
ing fraction limit for indium is attained, however already lower portions of
indium result in a vastly enhanced thermoelectric figure of merit in this in-
termediate temperature between 350 K and 700 K.

For a more accurate description of the beneficial effect of the increased ther-
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mal resistivity in terms of the thermoelectric efficiency Z7T, an analysis of
the lattice thermal conductivity x; is more convenient, because the electronic
part is an inevitable contribution of a high electrical conductivity of the
bulk material (see section [[3)). The electronic thermal conductivity k. is
described by the Wiedemann-Franz law which proclaims that the electronic
thermal conductivity is proportional to the electric conductivity ¢ and ab-
solute temperature T, respectively (see eq.([.23])). The Lorenz number is
equal to Ly = 2.45 x 1078 V2 K~2 for a metal. The Lorenz number however
overestimates the electronic thermal conductivity of optimized thermoelec-
tric materials in many cases @] Therefore a more appropriate calculation
of the Lorenz number was applied (see sec[I4)).

Figure [£14] shows the Lorenz number of the In:CoSbs specimens, based on
calculations of a single parabolic band model. All values are lower than
2.45 x 1078 V2 K~2 which means that an additional fraction is attributed to
the lattice thermal conductivity of the skutterudite samples (see fig[ZIH),
in comparison to a constant Lorenz number of 2.45 x 1078 V2K~2. For the
lowest indium filled CoSbs sample an increase of the Lorenz number at about
600 K is visible and can be most probably attributed to bipolar thermodiffu-
sion. This behavior is similarly observed in the corresponding temperature
dependent thermal conductivity data, because the bipolar thermodiffusion
transfers heat due to a recombination of the electron hole pairs particularly
at the cold end. This effect is dominantly observed for small gap semicon-
ductors, such as InSb or CoSbs ﬂﬁ]

The lattice thermal conductivity data shows that the lowest value of all
In:CoSbs samples reaches about 2.1 Wm ™t K~! at 700 K, which is attained
for the highest indium filled sample with a composition of IngsCo4Sbys. This
supports the fact that the impurity phases in the highest filled skutteru-
dite sample contributes positively to an increased thermal resistivity. The
Ing 15Co4Sbys however has a comparably low thermal conductivity exhibiting
no visible secondary phases in the PXRD data. It appears to be that already
at a lower indium filling fraction a low thermal conductivity is attained, even
without exhibiting precipitates of secondary material. The lowest doped sam-
ple clearly shows an onset of bipolar thermodiffusion already at 500 K. This
furthermore suggests that the Ing ¢5Co,Sb1o possesses a relatively low doping
concentration and can be regarded as an intrinsic semiconductor, which is
revealed by the low effective charge carrier density ng in comparison to all
other indium filled skutterudites.

In addition it is of interest, which of the scattering mechanisms in this inter-
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mediate temperature range is prevailing for the indium filled skutterudites.
For this reason the lattice thermal conductivity was calculated after the De-
bye model and consequently adjusted to the corresponding x; data of the
specimens. For the calculation of k; the Debye approximation (see section
[[4) was applied.

The values from Debye temperature (© = 287K) and sound velocity (v =
2700ms~ 1), as well as the starting parameters for A, B and C were taken
from literaturd m, |. For indium a resonant frequency is not known
and as a result a typical value in the THz region for wy was taken. Fur-
thermore due to the observations in the SEM and the synthesis method the
grain size was assumed to be relatively high These values however were
not changed, thus in case the behavior of the indium atom is not comparable
with other typical filler elements, the wy value may be regarded as a system-
atical error within this approximation.

The data from temperature dependent Seebeck coefficient measurements
of the In:CoSbs samples show mainly two different characteristics. (I) For
low filling fraction of indium the sample exhibits a behavior of a more intrin-
sic semiconductor, reflected in the high absolute Seebeck coefficient and the
starting decrease at about 500 K. First can be explained by the low effective
charge carrier density, which directly contributes to a high Seebeck coefficient
S. This trend can be best described by the Mott-relation (“metallic formula
for S7) M]

21,2
g_T kiT d(Ino(FE)) (41)
3e dE Py
and N
o ON

where o(F) is the electrical conductivity determined as a function of the
Fermi energy Ep, kg is the Boltzmann constant, e is the electronic charge
and T the absolute temperature. As can be seen in the eq.(@I]) and eq.(Z.2)
maximum S can be achieved when a large asymmetry in the density of states
N within a small energy range (typically few kgT") above and below the Fermi

104 is in the range of 10~4's3, B in the range of 10'®sK~! and C in the range of
1073373,

o was set to 10 x 10 Hz and L was set to 30 um (L did not significantly contribute
to the calculated lattice thermal conductivity value).
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Figure 4.14: Calculated temperature dependent Lorenz number Lo (see
sec[1F]) of the In,CosSbiy specimens, with different concentrations of the
filler element indium (x = 0.05,0.1,0.15,0,2 and 0.2*). The x = 0.2* sam-
ple indicates a IngoCosSbis specimen, which was prepared with a changed
synthesis parameter (quenched after the annealing period) [@/

level persists. High asymmetry is achieved for a low charge carrier density
at the Fermi level, or a strongly non-parabolic band.

The decrease of the Seebeck coefficient for the Ing g5Co4Sbqo skutterudite ma-
terial at higher temperatures are caused by the thermally excited intrinsic
charge carriers, which then increase the effective charge carrier density lead-
ing to a decline of the absolute Seebeck coefficient. This effect is common for
pure or low doped semiconductors, because the excited charge carriers are
typically unimportant for highly doped semiconductors.

(IT) The other, higher filled In:CoSbs specimens have a substantial different
trend in the Seebeck coefficient data. All samples show a considerable lower
absolute Seebeck coefficient in comparison to the low indium filled material.
The increase of the charge carriers is due to the amount of indium in the
skutterudite material and has a detrimental effect on the Seebeck coefficient.
Furthermore no intrinsic excitation is visible and the absolute Seebeck coef-
ficient increases almost linearly with temperature for all higher indium filled
samples (i.e.  =0.01, 0.15 and 0.2).
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Figure 4.15: Calculated lattice thermal conductivity k; as a function of tem-
perature (see sec[1.]]) of the In,CosSbiy specimens, with different concentra-
tions of the filler element indium (xr = 0.05,0.1,0.15,0,2 and 0.2*). The
xr = 0.2* sample indicates a IngoCo4Sbyo specimen, which was prepared with
a changed synthesis parameter (quenched after the annealing period) ]

The electrical conductivity of the samples supports the fact that the low
indium filled sample exhibits an intrinsic semiconductor behavior and the
other skutterudite specimens show, due to higher filling fractions of indium,
a degenerate semiconductor behavior, i.e. these perform rather like metals.
Latter can be seen in the vastly enhance electrical conductivity, which is
considerably higher than in the case for the Ingo;Cos4Sbyo sample. Notable
is that highest electrical conductivity is achieved for the Ing15Co4Sbs speci-
men and not for the sample with highest indium content (z = 0.2). This can
be contributed to the impurity phases, which do not possess high electrical
conductivities (e.g. CoShy) and moreover enhance the scattering of charge
carriers at the phase boundaries and hence lowers the charge carrier mobility.
Hall measurements at room temperature were carried out to obtain the effec-
tive mobility of the charge carriers py and the effective charge carrier density
ng. The effective charge carrier densities of the In:CoSbg specimens are in the
range of 10 cm ™2, which is typical for highly doped thermoelectric materi-
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Figure 4.16: Clalculated lattice thermal conductivity according to the Debye
model (see sec[I] and the lattice thermal conductivity from fig[{.13 of the
In,CosSbyo specimens, with different concentrations of the filler element in-
dium (x = 0.05,0.1,0.15 and 0.2)). The calculated values (plus symbols)
from the Debye model are shown as a function of temperature. The parame-
ter values of A,B,C and wqy for the calculation are denoted in the particular
diagram. The parameter L was set to 30 pm, however did not significantly
contribute to the calculated k) value.

als and is increasing with ascending filling fraction of indium. The measured
carrier concentration together with the indium filling fraction provide in-
formation about the degree of ionization of the filling atom. The effective
charge carrier density ascends with the addition of indium, though not linear,
which means that the level of ionization changes with the addition of indium
or that only a fractional part of the starting composition occupies the void
lattice site in the skutterudite crystal. This non-linearity may denote a (I)
change of the starting composition within the synthesis/annealing process,
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(IT) formation of secondary phases or (III) a decline of the effective charge
contribution to the skutterudite material @] Point (IIT) is in other words
a steady decrease of the ionization level of the indium atoms, which cannot
be discussed in detail, because the minority charge carrier density for the
low filled skutterudite samples is not known and may be of high importance
in this context. Nevertheless is should be mentioned that the compensation
of additional valence electrons in the skutterudite phase (which are provided
by the filler element) can lead to a strong change in the electronic struc-
ture within the crystal structure ] In that case it can be assumed that
the electronic compensation of these additional charge carriers can only take
place to a certain extent and hence could lead to decrease of the effective
oxidation state of the indium ion at higher filling fractions near the solubility
limit.

The trend of the effective charge carrier mobility supplements the behavior
of n(x) as a function of the indium fraction x, which decreases with the ad-
dition of indium. This can be explained by an enhanced scattering of the
electrons by the filler elements, which act as ionized impurities. For high
filling fraction (e.g. IngoCo4Shis) scattering at boundaries can set in, which
causes another reduction of the electron mobility. It is reported that the
effective mass can be dependent on the effective charge carrier density itself
]. This may also contribute to the vast reduction of the charge carrier
mobility of the indium filled skutterudite material.

A Pisarenko plot (a S — n diagram) can provide this information about the
effective mass m* of a material system To obtain the effective mass a single
parabolic band approximation was applied, which is valid to a certain extent
for skutterudites Lﬁ, ] In further scientific papers it was shown that
with ascending effective charge carrier density of the skutterudite compounds
a higher effective mass can be obtained M] and references therein. For this
reason the approximation by a single parabolic band is only valid to some

extent

2The effective mass m* is here defined as ’carrier effective mass’, which is identical with
the 'density of states effective mass’ in the isotropic case for a parabolic electronic band
structure where only acoustic phonon scattering is considered.

13A more detailed consideration of the electronic band structure of the skutterudite
material will surely improve the accuracy of the lattice thermal conductivity calculation.
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Figure 4.17: Clalculated Seebeck coefficient S according to a single parabolic
band model (see sec[T.7) as a function of the charge carrier density ny and a
constant mass of the charge carrier m. The particular data points within the
diagram are the effective charge carrier densities ny from Hall measurements
at room temperature vs. the correspondent Seebeck coefficient of the material
(derived from the local Seebeck coefficient data). The specimens are indium
filled skutterudites with different concentrations of the filler element indium
(exact starting compositions are denoted in the diagram,).

Secondary Phases in In:CoSb; Skutterudites: Secondary phases in
the form of small precipitates/nanocomposites can under certain circum-
stances enhance the thermoelectric properties of a material (e.g. ﬂﬁ, @])
In a report about melt-spun indium and cerium added CoSbs material it is
assumed that nanosized precipitates of InSb can suppress the thermal con-
ductivity, without deteriorating much the electrical conductivity of the bulk
material @] On the other side, many impurity phases seem to be not
suitable as these are bad electrical conductors, have low Seebeck coefficients
or possess a completely different crystal structurdd. Furthermore secondary
phases can induce circular currents due to a different Seebeck coefficient in
comparison to the matrix material, which as a result can reduce the thermo-

MLatter can lead to a degradation of the mechanical properties due to weak chemi-
cal/physical bonding between the matrix and the precipitates.
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(a) x=0.2 (b) x=0.2%*
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Figure 4.18: SEM images of two skutterudite specimens with an identical
composition showing secondary phases (InSb, Sb) at the grain boundaries.
The Ing2Coy4Sbys specimens differ in its annealing process parameters. The
specimen which is shown left was synthesized as described in (see sec[{.2.1])
and the right image shows a specimen, which was additionally quenched after
the annealing period 1@/

electric efficiency of the bulk material drastically. The InSb phase however
possesses a high Seebeck coefficient and can exhibit a relatively good electri-
cal conductivity (e.g. see MD

In this work mostly no secondary phases were observed in the In:CoSbg skut-
terudite material by SEM and PXRD. Only for the skutterudite material with
highest indium content (x = 0.2) impurity phases were detectable. Due to
the long annealing duration and the steady cooling step the precipitates ex-
hibit large grain sizes up to several hundreds of micrometer. Furthermore
they feature a substructure, where EDX analysis suggests that it consists of
spherical Sb isles surrounded by an InSb phase.

This structure of the secondary phases can be massively influenced by the
cooling step in the annealing period, which is in detail discussed in E]
Within this work the IngCo4Shis material was additionally quenched in the
end of the annealing period. The result showed a totally different structure
of these secondary phases, without changing the matrix microstructure at all.
The precipitates formed an elliptical shape and possess a diffuse intermix-
ture of elementary Sb and InSb, which was revealed by EDX measurements.
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It is notable that In together with Sb forms only one binary intermetallic
phase, which is the compound InSb. This intermetallic phase has a melting
temperature of 798 K and is liquid during the applied annealing temperature
of 1073 K.

The thermoelectric properties of this material show that the quenched sam-
ple (Ing2Co4Sh{;) has an enhanced thermoelectric figure of merit up to 15%,
which is mainly based on the vast improvement of the electrical conductiv-
ity of the material (around 30%) and a concomitant reduction of the lattice
thermal conductivity (around 8%) The decrease of the lattice thermal con-
ductivity may be contributed to the different substructure of the secondary
phases. However due to the higher electrical conductivity and the decrease
of the Seebeck coefficient of around 8% in comparison to the slow cooled
sample, it can be speculated whether the quenched sample has a higher in-
corporated fraction of In in the skutterudite matrix and therefore cause (I)
a lower Seebeck coefficient value, (II) lower lattice thermal conductivity and
(III) higher electrical conductivity. Hall measurements of the quenched sam-
ple reveal that the effective charge carrier density is around 12% higher than
the original sample (n=1.03 x 10?° cm™3).

This fact suggests that more indium was dissolved in the skutterudite matrix
and hence increased the effective charge carrier density (and the thermoelec-
tric properties in general), based on a small modification of the synthesis
route. The main improvement of the electrical conductivity is however caused
by a dramatic change of the effective mobility of the charge carriers (around
20%) in the quenched specimen. Consequently the scattering of electrons
was significantly decreased. Another notable observation in these two skut-
terudite specimens was that considerable amounts of Sb appeared in form of
InSb and elementary Sb. Due to stoichiometric reasondd it is suggested that
Sh is displaced from its lattice site in the skutterudite crystal or is thermody-
namically favored to exist as secondary phases in the skutterudite material.
Elementary Co was never found in the PXRD or SEM evaluation.

Indium as a filler element: 1t is of recent interest, why indium is vastly
enhancing the thermoelectric properties of the skutterudite material @, ]

15The superscript “qu” in the chemical formula denotes the modified synthesis route to

make a better distinction of the “original” sample with the identical composition.

16 e. no excess addition of Sb in the synthesis procedure of the Ing.oCo,Sb1s material
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Figure 4.19: Figure of merit as a function of temperature of two skutterudite
specimens with an identical composition. The IngoCosSbio specimens differ
in its annealing process parameters. The specimen which is denoted as “x =
0.2” was synthesized as described in (see sec[{.2-1) and the other specimen,
denoted as “v = 0.2"7, was additionally quenched after the annealing period

[134).

The first intuitive suggestion was that it may occupy the 2a Wyckoff position
and acts like any other filler element like several lanthanides ] This is
quite reasonable, because the effect of indium is quite alike to that of a typ-
ical filler element, i.e. dramatic reduction of the thermal resistivity, increase
of the electrical conductivity and only a small deterioration of the Seebeck
coefficient. All these properties are already achieved with a small fraction
of indium (max. 1.36 at%), which is equivalent to many other filler elements
with a rather low oxidation state (< 3T). However there seem to be only
a small number of elements with low electronegativity which can be con-
tributed to that kind of bonding between the Sb atoms (which surround the
void lattice site and form the cage) and the filler element. For this reason an
empirical rule was reported, under which it is suggested that the electronega-
tivity of the filler element subtracted with the electronegativity of antimony
should not be as low as 0.80 @], otherwise the element will not properly
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bond and therefore does not occupy the void lattice site permanently. It
was furthermore stated that thallium, which is chemically related to indium,
indeed does not obey this rule of thumb, however it is still doubted whether
indium can enter the void or not @, |.

Several investigations were made to gain more knowledge about the localiza-
tion of indium in the skutterudite bulk material. (I) SEM together with EDX
analysis of the skutterudite as-cast material suggest that the indium concen-
tration within the skutterudite material is about 1at% and ranges therefore
in the right order of magnitude. However it has to be considered that the
EDX detector has an error of measurement, which is equal or greater than
the measured concentration of indium. Additionally in the EDX analysis the
line intensities of Sb and In overlap and cause for this reason a superposition
of both. These obstacles do not occur for the analysis by TEM /EDX. In this
case sample preparation by simply grinding the material or by a focused ion
beam allows to investigate only on the skutterudite matrix at higher energies.
Latter is necessary to obtain the Ko indium signal, which is well separated
from any other intensity lines. The diagram shows that an indium sig-
nal is observable and therefore clearly reveals the appearance of indium in
the skutterudite phase. Even for low indium concentrations, such like the
Ing 05Co4Sbys material a distinct signal can be observed @]

(IT) A chemical perspective on this issue may suggest that indium can occupy
all three lattice positions within the skutterudite structure, namely the 2a
filler position, the lattice site of Sb (24g Wyckoff position) and the lattice
site of Co (8¢ Wyckoff position) in the skutterudite crystal.

In perovskites, which have a crystal structure comparable to the skutteru-
dites, the most important factor in substitution reaction is the effective ionic
size of the host and substituent ions and the closer the sizes the greater is the
likelihood of successful substitution. For so-called A;BB’Og¢ perovskites the B
cation can be a rare earth or indium{'] (see e.g. @, @]) Consequently the
indium can substitute a (small) rare earth ion at an electronpositive lattice
site. This scenario may be transferred to the skutterudite crystal structure,
where the 2a position is mainly accessible by rare earth elements.

Despite the case indium would occupy the position of Sb then a significant
decrease of the lattice parameter would be expected since the ion radii of
antimony and indium are very different (Sbfl, In™, In+3). The oxidation
state of In™! is found in indium containing chalcogenides and would form

from [153]
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an electron deficient skutterudite compound and possibly cause a descending
lattice parameter of the skutterudite crystal structure. An oxidation state
of In™ would worsen the charge imbalance and further decrease the lattice
parameter due to its small ionic radius[§ The lattice parameter of the exam-
ined skutterudite material however shows an increase of the lattice parameter
with increasing filling fraction of indium. For highest filling fraction in this
series (z = 0.2) a saturation of the lattice expansion is visible (see figl.T]).
This finding gives rise to the assumption that indium may not occupy the
Sh lattice site, or only to a minor extent.

Whether indium does occupy the 24g Wyckoff position at all may be an-
swered in a more empirical way. In the SEM/EDX and PXRD analysis espe-
cially fractions of elementary antimony and InSb can be observed for indium
filled skutterudite material near the reported fraction limit. Based on the
fact that stoichiometric portions of the elementary constituents were used to
synthesize the skutterudite material, it is a consequence that every Sb atom,
which is forming secondary phases or is abundant as pure element, is missing
in the skutterudite material. Thus it is possible that indium displaces the
Sb atoms in the crystal structure, when the skutterudite compound is near
the reported filling fraction. A formation of secondary phases with antimony
would be a consequence out of the substitution by indium.

The Co site in the skutterudite crystal structure is an electron positive lattice
site and therefore can be in principle occupied by a cation, such as the In™
or In™ ion. Latter would substitute the cobalt isoelectronically. The effec-
tive ionic radius of Co™ in a six-fold coordination (low spin) is reported to
be reest = 0.685 A ] and is therefore around 35% smaller than the In™
ion. This fact naturally decreases the likeliness of a successful substitution.
Furthermore no elementary Co was found in PXRD or SEM/EDX evalua-
tion since stoichiometric portions of the elements was used for the synthesis.
Another fact is the doping effect of In in the skutterudite material - which
means that an oxidation state of In®> can be almost excluded. However from
a chemical point of view a substitution of the cobalt ion by indium with an
oxidation state of 1+ seems to be improbable but not impossible.

(ITT) The thermoelectric properties reveal that indium suppresses the lattice
thermal conductivity, increases the electrical conductivity and exhibit a neg-

18For In*3 an ion radius of ry,+s = 1.06 A is reported ] There are only few reports
about the ionic radius of Sb™' (e.g. HE] reporting 7g,-1 = 2.95A). For this reason the
atomic radius of Sb can be a more helpful reference point: rg, = 1.45 A
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ative Seebeck coefficient. Reports on Sn filled skutterudite compounds show
that in the case of filling (2a) and doping (24¢) the material can either possess
a n-type or a p-type behavior, which is reflected by a negative and a positive
Seebeck coefficient, which were measured in different studies @] and refer-
ences therein. Due to the negative Seebeck coefficient of all In:CoShs samples
in this work a substitution of Sb by In can be excluded as main mechanism
in the skutterudite crystal structure. The occupation of the 2a void position
is clearly favorable since it would cause a negative Seebeck coefficient and
an increased electrical conductivity due to an electron charge transfer to the
skutterudite matrix. Furthermore the reduction of the thermal conductiv-
ity is more pronounced for indium filled skutterudites than for doped CoSbg
material and it can be doubted that a substitution by indium would cause
such a high depression of the RE. In addition a substitution of Co would
be most probably not cause a dramatic change of the thermal conductivity,
since the Sb atoms are mainly responsible for the thermal transport within
the skutterudite material @, p.167].

Structural investigations by neutron powder diffraction were carried out to
identify the “rattling” mode of indium filled skutterudites. This is made
possible by determination of the thermal parameter of indium as a function
of the temperature. Filled skutterudites show mostly a significant increase
of the thermal parameter, which is due to the activation of the rattling mode
at higher temperatures NBE]

We carried out studies on single indium filled skutterudites and double cerium
and indium filled skutterudites to determine whether this high thermal pa-
rameter at the Wyckoff 2a position is visible in indium single and double filled
skutterudites (for double filled skutterudite see sec[L3.2). Neutron powder
diffraction was preferred over x-ray diffraction because it has by far a better
contrast@, which is based on the fact that Sb and In possess very close scat-
tering lengths for x-rays.

The results from Rietveld refinement show that for the low and high indium
filled sample an occupation of the 2a lattice site is verifiable. The particular
occupancy is in both cases lower than the starting composition, which leads

19In the samples InSb as precipitates were absent, or in case of the high indium filled
skutterudites big grains of InSb occurred (several 100 pm).

20i.e. the differences of the bound coherent neutron scattering length in the particular
elements - especially In (4.065 fm), Sb (5.57 fm), Co (2.49fm) and Ce (4.84 fm). The data
is extracted from the internal table of the FULLPROF program, which is identical with

the data from the National Institute of Standards and Technology m
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to the assumption that indium was lost during the synthesis or annealing
period. The lattice parameter is also a further indication for the occupancy
of the void lattice site and it is increasing with ascending portion of in-
diumP] This observation is in agreement with the results from the PXRD
evaluation. The maximum lattice parameter for indium filled skutterudites
is 9.0568 A and is therefore significantly higher than the lattice parameter
found in our specimens HE] When the data in NE] is compared to the
results from the neutron powder diffraction measurements a composition of
around Ing ;5Co4Sbyy can be assumed. However it should be noted that the
preparation method for these indium filled skutterudite is different and may
have an influence on the lattice parameter of the skutterudite material The
lattice parameter as a function of temperature furthermore exhibits a low in-
crease in the range of approx. ~12 K to 50 K and becomes steeper for higher
temperatures (=50 K to 300 K). This behavior is comparable to many other
filled skutterudites within this temperature range of 10 K to 300 K .
The thermal parameter of Sb and Co as a function of temperature are both
increasing with ascending temperature. In the case of Sb the values of both
specimens are almost identical, the thermal parameter of Co is by trend
slightly higher, however within the accuracy of measurement. In the work
of Iversen et al. @] the room temperature values for both thermal pa-
rameter are in the same range and is closest to the value of Lag;Co4Sbis
having an Ui, value of Ui(Co)= 0.0039 A% and Ui, (Sh)= 0.0055 A2, re-
spectively. The values of Ing2Co4Sbis in this work are Uiy, (Co)= 0.0040 A2
and Uy, (Sb)= 0.0056 A2.

The thermal parameter of indium at the 2a position is very different for both
specimens, which is caused by the absolute fraction of indium in the skut-
terudite phase. In the low indium filled sample a thermal parameter could
not be refined (i.e. Uio(In)= 0A?) even though the material possesses an
excellent crystallinity. The refined occupancy and expansion of the lattice
parameter of this sample are however too low to determine the thermal pa-
rameter of the indium atom. For this reason it can be almost compared to
an unfilled skutterudite material and thus demonstrates that for almost pure
CoSbsz material no ADP at the 2a position can be determined.

This is different for the high indium filled sample, where a steep increase

21This is based on the fact, that in case of substitution (8¢, 24¢) a decrease of the lattice
parameter is expected.

22Further quantitative measurements have to be carried out to clarify the exact chemical
composition of the examined specimens.
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in the thermal parameter is visible. This denotes a weak bonding of the
indium atom at the lattice site and/or a great disorder of the filler elements
within the skutterudite phase. In comparison to other filled skutterudites
the atomic displacement parameter is best compared with the Smg;CosSbs
and therefore possess a relatively low ADP. The reported value from He et al.
| is significantly higher than the evaluated value in this work. In many
filled skutterudites the ADP does significantly change with the filling fraction
of the impurity atom (see therefore the before mentioned work from Iverson
et al. ﬂﬁ]), however Sales et al. suggested that Tl, which is chemically
related to In, can change its ADP with respect to the filling fraction within
the skutterudite structure @] In this work however it is reported that the
ADP is increasing with increasing filling fraction - the concentrations of Tl
are (much) larger than the examined indium specimens in this work. Never-
theless it is of high interest, why these ADPs of He et al. and the evaluated
ADPs are very different (more than doubled)
The occupancy parameter of the 2a lattice site of the low indium filled sample
and moreover the strong increase of the ADP as a function of temperature
in the high indium filled sample strongly indicates that the indium atom is
a regular filler element in the skutterudite material, such as many species.

4.3 Ce,In:CoSb; and Gd,In:CoSb; Skutteru-
dites

Skutterudites offer a vast structural flexibility and can incorporate several
different impurity atoms in the void lattice site of the skutterudite crystal
structure ﬂé] For an enhancement of the thermoelectric properties (i.e.
k(T), o(T), S(T)) in the intermediate temperature range (i.e. 300K to
700 K) the substitution of the void with - at least - two elements, especially
from the lanthanides series, have shown great improvements in the thermal
resistivity and electrical conductivity leading to a reasonable increase of ZT'.
The combinatorial possibilities of double filled skutterudites are of course ex-
tensive and for this reason a selection of two distinct lanthanides was made:
(I) cerium and (IT) gadolinium.

23He et al. ]: Ing.2Co4Sb12:Uiso (In)= 0.036 A2; In this work: Ing2CosSbio:Uis (In)=
0.015 A2 - here the starting compositions are stated, which may be different to the actual
chemical composition of the specimens.
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(I) Already single cerium filled skutterudites have shown good figure of merit
(around ZT = 0.7 at 700 K) in past investigations @, |. Cerium exhibits
a valence state of 37 and therefore donates a significant amount of charge
carriers to the skutterudite structure. The electronic configuration of Ce
comprises two 4f and two 6s valence electrons, in which the 5p and the 5s
electrons in most cases act as good shielding of the 4f electrons ﬂ@h For
this reason a Ce* oxidation state provides one 4 f electron together with two
electrons of the 6s shell. Cerium was one of the first filling elements in the
skutterudite structure leading to a high ZT in the intermediate temperature
range and possesses a filling fraction limit of 10% in the CoSbs material (i.e.
Cep1Co4Sbys) [71].

(IT) Gadolinium filled skutterudites are fabricated by a high-pressure synthe-
sis in the case of RuP; @] and by a conventional melting/annealing process
in the case of Co,Fe,_1Sbs and IrSbs @, ] Gd filled CoSbs is doubted
to exist due to the low ion radii of Gd** and therefore no filling fraction is
known for Gd in CoSbg M] However charge compensation can enable the
skutterudite structure to incorporate the Gd ion into the void lattice site,
because it presumably lowers the formation enthalpy of the Gd filled skut-
terudites @, ] Expansion of the lattice parameter may on the other
side cause an increase of the void volume and consequently deteriorate the
bonding between the Gd ion and the Sb atoms and destabilize the Gd filled
skutterudite phase. For the gadolinium and indium filled CoSbs material it
is of interest, how secondary phases may influence the thermoelectric proper-
ties and whether the electronic and structural impact by indium may change
the capacity to incorporate the Gd ion or not.

The investigation of Gd,In:CoSbz and Ce,In:CoShs material will focus on the
thermoelectric properties, structural changes in relation to the filling fraction
and the secondary phases, which are possibly formed at low filling fractions.

4.3.1 Experimental Details

Polycrystalline samples of Ce,In,CosSbys and Gd,In,CosSbis (both with
x = 0.05,0.1,0.15 and 0.2) samples were synthesized by induction melt-
ing followed by thermal annealing - comparable to the synthesis route of the
In:CoSby material (see sec[A.2.T]). Stoichiometric quantities of indium, cobalt,
antimony and the particular rare earth (gadolinium, cerium), were melted for
1.5h at 1423 K in an evacuated silica tube, which was subsequently quenched
to avoid peritectic decomposition. In order to obtain a homogenized as-cast
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material, the silica tube was additionally rocked and manually tilted during
the induction melting process.

In the case of the Ceg 1Ing1CosSbis sample the starting ingredients were el-
ementary Sb, In and a Ce-Co alloy. Latter was a precursor material, which
was prepared by stoichiometric amounts of cerium and cobalt. The material
was alloyed by an arc melter in inert atmosphere. The Ce-Co alloy was then
put together with stoichiometric amounts of antimony and indium. The sub-
sequent steps are identical to that of the other Ln,In:CoSbs specimens.

The purity of all used elements was at least 99.99% or higher. Annealing was
carried out in a programmable furnace at 973 K for 168 h with a heating rate
of 2Kmin~! from room temperature to 973 K. Sample preparation, short-
term compaction and (temperature dependent) measurements were carried
out similarly to the In:CoSbs material (see therefore sec[L.2.T]).

4.3.2 Results

This section comprises the results from phase and structural analysis of the
as-cast material (Ln,In:CoSbs with Ln=Ce,Gd) and in the following the See-
beck coefficient, electrical and thermal conductivity data as a function of
temperature. Hall measurements and neutron powder diffraction data of the
skutterudite material are presented in the end of this section.
The powder X-ray diffraction patterns of the Ce,In:CoSbs (see figlZ20) and
Gd,In:CoShs as-cast material (see figlL22]) show in most cases a highly crys-
talline skutterudite phase after the induction melting and the annealing pro-
cess - except for the Ceg 1Ing1CosSbiy specimen, where the main phases are
elementary Sb and CoSbs and only a minor fraction of the skutterudite phase
can be detected P

For lowest addition of cerium and indium (x = 0.05) the skutterudite ma-
terial exhibits no visible secondary phases in the PXRD pattern. This does
not apply for higher Ce and In filled samples and as a consequence minor
fractions of different phases are observable: InSb, CeSby, and Sb. The CeSby
unit cell is orthorhombic and belongs to the space group No. 64 (Cmce).
It has two unique positions for Sb and Ce. The lattice parameter are after
Wang et al. NI%E] a=6295A,b=6.124A and ¢ = 18.21 A. For details of

24The Ceg.1Ing.1 CosSb12 material was synthesized by using a Ce,Co alloy and is therefore
different from the synthesis route of the other Ce,In:CoSbs samples; see details in the
experimental section secl3.1]
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Figure 4.20: Powder X-ray diffraction patterns of Ce,In,Co,Sbis as-cast ma-
terial with x = 0.05,0.1,0.15 and 0.2, prepared by induction melting at 1423 K
for 1.5h and subsequent annealing at 973 K for 168 h. In the diffractogram of
the powder material with x = 0.05 the lattice planes of the skutterudite phase
are indicated and the inset diagram depicts the corresponding lattice param-
eter a. In other diffractograms secondary material is indicated by symbols.

the structural properties of the other impurity phases it is referred to section
The fraction of the secondary phases is only in the region of 1% and
several intensities lines (e.g. from CeShy) do not follow the regular intensity
distribution in the PXRD pattern - an indication of a preferred orientation
(of growth), or a texture within the powder sample.

As already mentioned, the Ceg1Ing;Co4Sbis specimen does not exhibit a
skutterudite structure after the preparation step. The material in this stage
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Figure 4.21: Powder X-ray diffraction patterns of the Cey1Ing1CosSbio ma-
terial. Left diffractogram (a) shows the annealed powder material and the
right diffractogram (b) the powder material of the short-term sintered spec-
imen. The lines in (b) indicate the lattice planes of the skutterudite phase
(hkl). For details on the preparation see sec[f.3.1]

is composed of elementary Sb and the thermodynamically stable intermetal-
lic phase CoSby. This was changed by short-term compaction of the material.
During the short sintering process the skutterudite structure crystallized and
is according to the PXRD pattern the predominant phase after the com-
paction step (see figlL2]]). The determined lattice parameter of the formed
skutterudite phase at room temperature is a = 9.047 A.

All gadolinium and indium filled skutterudite specimens show small fractions
of secondary phases in the PXRD patterns. The main difference in compar-
ison to Ce,In:CoSby is clearly that GdSb/GdShy attribute to the diffraction
pattern instead of CeSby (partly additional intensity lines from the LaBg
standard are observable). GdSb has a face-centered cubic crystal cell geom-
etry (Fm3m, No.225, JCPDS No. 15-0832) with a typical lattice parameter
of a = 6.217TA. GdSh, is comparable to CeShy and crystallize in the or-
thorhombic SmSh, crystal structure with a lattice parameter of a = 6.157 A,



88 Chapter 4. Results and Discussion

b= 5986A and ¢ = 17.83A ﬂ@] According to the diffraction pattern,
GdSb is the predominant phase compared to GdSb,, which may exist only
to a low extent in the matrix. The fraction of all secondary phases is low
and presumably not significantly higher than 1-2%. However, a quantitative
evaluation of the secondary phases in the PXRD pattern may be troublesome
due to the low and partly broad intensities together with a possible texturing
of the particular phases.

The different concentrations of the filler elements cause changes in the
lattice parameter for both series, the Ce,In:CoSbs (sample with z = 0.1
was excluded) and the Gd,InCoSbs samples (see figlL.20] and fig[L22]). With
ascending fractions of Ce and In the lattice parameter increases almost lin-
early from a = 9.046 A for the Ceg o5Ing 05C04Sbia specimen up to a value of
a =9.062 A for the CegIng2CosShys specimen. The Gd,In:CoSbs specimens
show a nonlinear increase of the lattice parameter and the magnitude of a is
as a function of the filler fraction not as high as for the Ce,In:CoSbs samples.
Furthermore it is notable that the specimen with lowest Gd and In content
does not possess the lowest lattice parameter. However a steady increase of
the lattice parameter is observed for higher filling fractions of Gd and In.
Investigation with SEM show large grains of the skutterudite phase (> 100 jim)
in most of the Ln,In:CoSbs specimens. The as-cast material appears to be
dense with a low number of pores in the material. These irregularities in-
crease with ascending concentration of the filler elements and thus more
craters, groves and secondary material are visible.

The Ce,In:CoSbs specimen with lowest filling (z = 0.05) does not show any
visible precipitates in the material. The EDX analysis of the main phase
validates the skutterudite phase in terms of the relation of quantity of an-
timony and cobalt: The measured values are around 23 at% for Co, 76 at%
for Sb and the filler elements have a proportion of less than 1at%. It should
be noted that the values for the filling elements remain relatively constant,
however range within the accuracy of measurement. Highest filling fraction
of Ce and In (x = 0.2) in this series show a considerable amount of secondary
phases. Predominantly InSb, CeShy and Sb are found and partly a Sb phase
is observed near an InSb phase and vice versa. The grain size of CeSbhy is
larger in comparison to the InSb material, however both are in the pym scale.
The material with lowest filling of Gd and In (z = 0.05) shows already pre-
cipitates of GdSby /GdSb and Sb in the SEM. These phases cannot be clearly
distinguished, because the EDX analysis shows an overbalance of Sb and a
phase separation is not clearly visible. The Gdg 1Ing;Co4Sbis specimen pos-
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Figure 4.22: Powder X-ray diffraction patterns of Gd,In,Co4Sb1y as-cast ma-
terial with x = 0.05,0.1,0.15 and 0.2, prepared by induction melting at 1423 K
for 1.5h and subsequent annealing at 973 K for 168 h. In the diffractogram of
the powder material with x = 0.05 the lattice planes of the skutterudite phase
are indicated and the inset diagram depicts the corresponding lattice param-
eter a. In other diffractograms secondary material is indicated by symbols.

sesses larger fractions of secondary material in comparison to the lower filled
sample with additionally detectable amounts of InSb. The shape of the GdSb
or GdSb, phase is often times rod-shaped. The Sb phase can be elliptical
(x = 0.05) or for the Gdg 1Ing;CosSbys specimen with a higher concentration
of Gd and In the precipitates exhibit sharp edges and is located at the grain
boundaries of the skutterudite matrix. The specimens with even higher filling
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Figure 4.23: left: SEM images of as-cast Ce,In,Co,Shis with x = 0.05 (a)
and 0.2 (b) showing Sb, InSb and CeSby precipitates of surrounding cobalt-
antimony based skutterudite domains, when indicated. The Ce,In,CosSbys;
right: SEM images of as-cast Gd, In,CosSbiy with x = 0.05 (¢), x = 0.1
(d), © = 0.15 (e) and 0.2 (f) showing Sb, GdSb precipitates of surrounding
cobalt-antimony based skutterudite domains. EDX analysis showed fractions
of In in the CoSbs material.

fractions (z = 0.15 and 0.2) contain similar secondary phases. However for
these samples the microstructure is considerably changed and a high number
of irregularities within the matrix occur.

Figure shows the macroscopic spatial distribution of the Seebeck co-
efficient S(z,y) along the sample ingots with x = 0.05,0.1,0.15 and 0.2 of
cerium and indium. A typical area of 7mm in length and 1 mm in width was
scanned on a cross-section of the ingot samples. Almost all samples show
n-type behavior at room temperature and exhibit a narrow distribution of
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S values, which can be seen in the histogram of the PSM-dataPd Latter
indicates that the double filled skutterudites (with lanthanides and indium)
exhibit almost homogeneously distributed S values across the particular in-
gots. The Seebeck coefficients of the Ce,In:CoSbz as-cast material, which
are obtained by a Gaussian fit of the S(z,y) histogram, are —158 pV K~!
(r = 0.05), =0.3pVK1/14pVK™ (x = 0.1), —113pVK™! (z = 0.15) and
—101 pVK™! (z = 0.2), respectively.

For the Gd,In:CoShs sample series the absolute Seebeck coefficients are by
trend lower (see figlE2h): —197pV K™ for # = 0.05, —170pV K™ for
r=0.1, =140 pVK~? for z = 0.15 and —138 pVK~? for z = 0.2.

Figure shows the temperature dependent Seebeck coefficient data from
around 300 K to 700 K for short-term sintered Ln,In:CoSbs skutterudite ma-
terial, which had at least a relative theoretical density of 98%. All samples
exhibit n-type behavior, which corresponds to the results from the local See-
beck measurement S(z,y) of the as-cast material.

For the Ce,In:CoSbz compacted specimens the magnitude of the Seebeck co-
efficient increases almost linearly with temperature. The Ce,In:CoSbz sam-
ples show that with increasing filling fraction a clear reduction of the ab-
solute value of the Seebeck coefficient occurs, beginning - e.g. at 500K -
from —236 pVK=! for x = 0.05, —221 pVK™! for z = 0.1, =151 pV K~! for
r = 0.15 to —128pVK™! for x = 0.2. Furthermore figure contains
the local Seebeck coefficient measurement mean value of the short-term sin-
tered samples The S(x,y) analysis of the samples comprised about 200
measurement points with a relatively high interspace on the surface of the
short-term compacted sample and a Gaussian fit was used to determine the
room temperature Seebeck coefficient value.

It should be noted that the Cegy1Ing1Cos4Sbis specimen exhibits a consid-
erably different behavior. As already mentioned the corresponding powder
X-ray diffractogram of the as-cast material does not possess the skutteru-
dite phase as the main phase. This is changed after short-term compaction
of the material (see figlL21]), which is also reflected in the markedly differ-
ent Seebeck coefficients of the as-cast material and the short-term specimen
(—0.3pVK 1 /14pVK~! vs. -169pVK™).

For the Gd,In:CoSbs specimens similarities to the Ce,In:CoSbs and In:CoSbg

25The Ceg.1Ing 1 CosShis material was synthesized by using a Ce,Co alloy (see secZ3.1]).
26For the single indium filled skutterudite samples only as-cast material was measured
by the local Seebeck coefficient instrument.
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Figure 4.24: S(x,y) data (cross-sectional area) taken from annealed
Ce,In,CosSbyo material (x = 0.05,0.1,0.15 and 0.2) showing the spatial
distribution of the Seebeck coefficient S(x,y) (right) and the corresponding
histograms (left). The full width half mazimum (FWHM) values are denoted
below as well as the mazimum S values, which were obtained by a Gaussian
fit of the histogram data points.

samples are identifiable: In addition to the n-type behavior, a decrease of
the Seebeck coefficient with increasing filling fraction of gadolinium and in-
dium can be observed - except for the Gdg1IngCosSbhis sample. The abso-
lute Seebeck coefficient values at e.g. 500K are —208 pV K=t for z = 0.05,
—223pVK=! for x = 0.1, —194uVK~! for z = 0.15 and —180pnV K~ for
x = 0.2. This implies in relation to the Ce,In:CoShs specimens that filling
with gadolinium and indium has less impact on the magnitude of the Seebeck
coefficient than the cerium and indium filled compacted skutterudite samples.
Furthermore the temperature characteristic of the Gd,In:CoShs Seebeck coef-
ficient values does not change its linear behavior, which is found for almost all
compacted Gd,In:CoShs specimens - again, except for the Gdg 1IngCosShio
sample, which possesses an inflection point at around 600 K.
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Figure 4.25: S(z,y) data (cross-sectional area) taken from annealed
Gd,In,CosShis material (x = 0.05,0.1,0.15 and 0.2) showing the spatial
distribution of the Seebeck coefficient S(x,y) (right) and the corresponding
histograms (left). The full width half mazimum (FWHM) values are denoted
below as well as the maximum S values, which were obtained by a Gaussian
fit of the histogram data points.

Figure shows the temperature dependence of the electrical conductiv-
ity o of Ce,In:CoSbs and Gd,In:CoSbs short-term sintered specimens. It can
be observed that the electrical conductivity is generally increasing with the
amount of filler elements (i.e. Ce/In, Gd/In) in the skutterudite material
and is highest for the samples with = = 0.2.

The Ce,In:CoShs specimens show a monotonic decline of the electrical con-
ductivity as a function of the temperature. The absolute o values are - by
far - the highest among all measured samples in this thesis and reach almost
2000 S cm~tat room temperature for x = 0.2.

The Gd,In:CoSbz compacted samples have a much lower electrical conductiv-
ity (in parts less than half), when the data is compared to the Ce,In:CoSbs
compacted samples, and show almost the same slope among each other.
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Figure 4.26: The Seebeck coefficient S as a function of temperature of
Ce,In,CosShis and Gd,In,CosSbiy short-term compacted material (v =
0.05,0.1,0.15 and 0.2) from 300 to 700K. The room temperature values
are taken from the S(x,y) data of the short-term sintered specimens. The
Cep.1Ing1CosSbyo and the GdgosIng o5CosSbio specimens were measured by
the differential Seebeck voltages method (see secl3.2.3).

When the results from the electrical conductivity measurements are com-
pared to the Seebeck coefficient measurements, the effect of gadolinium and
indium filled skutterudites is again considerably weaker than with cerium
and indium double filled skutterudite material.

Figure shows the thermal conductivity data of the double filled skut-
terudite material. The results validate that the addition of cerium and in-
dium to the cobalt-antimony based skutterudites drastically reduces the ther-
mal conductivity. The values range between 3SWm ™K™' and 4Wm 1K™}
for all Ce,In:CoSbs specimens and descend with ascending temperature. How-
ever the samples vary little within the given temperature of 300 K to 700 K.
This applies especially for the higher doped samples which have a Ax of about
0.5Wm K™ in this temperature range. Almost all Ce:In:CoSbs samples
show a flattening of the thermal conductivity starting at around 550 K. It
is notable that the sample with lowest filling fraction of cerium and indium
(x = 0.05) has partly lower thermal conductivity values than compacted spec-
imens, with a higher filling fraction. In other words the Ceg g5Ing o5Co4Sb1o
sample possesses a steeper slope in the kK —T" diagram than higher filled skut-
terudite specimens.
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Figure 4.27: Temperature dependent electrical conductivity o of short-term
sintered Ce,In,CosSbiy and Gd, In,CosSbisy skutterudite specimens with x =
0.05,0.1,0.15 and 0.2

The Ceg 1Ing1Co4Sbys specimen exhibits the lowest thermal resistivity and
electrical conductivity in the Ce,In:CoSbs sample series, which clearly cor-
responds to the high absolute Seebeck coefficient data - together with the
PXRD pattern, which proved significant amounts of the secondary material.
The results of the thermal conductivity data of the Gd,In:CoShs compacted
material are considerably different. The thermal conductivity values as a
function of temperature start at slightly higher values (around 4.5 Wm=! K1)
for the low filled sample (z = 0.05) and reaches values below 3Wm™! K~!
for hlgher filled Samples, such as Gd0.151110_15CO4Sb12 and Gd0_21D0_2004Sb12.
The Gd,In:CoSbs specimens show a decrease of the thermal conductivity as
a function of temperature until the inflection point at around 575 K. From
there on the values strongly ascend. This strong effect is not observed for
most Ce,In:CoSbs samples, but for single filled In:CoSbz compacted material,
especially the specimen with = = 0.05.

Hall measurements of the compacted samples were carried out at 300 K and
are denoted in table 3l The table [.3]shows the effective charge carrier den-
sity ny, the Hall mobility py and the corresponding electrical conductivity o
at room temperature. The data validates that with ascending concentration
of Ce and In in the skutterudite material the effective charge carrier density
increases beginning from n = 9.2 x 10 cm™! for z = 0.05 up to a value of
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Figure 4.28: Temperature dependent thermal conductivity x of short-term
sintered Ce,In,CosSbyy and Gd,In,Co,sShis skutterudite specimens with x =
0.05,0.1,0.15 and 0.2

n =87 x 102 cm~! with = 0.2. The Hall mobility puy of the Ce,In:CoSbs
samples is inversely proportional and is therefore highest for a cerium and
indium fraction with x = 0.05 (ug = 76 cm? V=1 s7!) and lowest for z = 0.2
with a Hall mobility of py = 20cm? V-1s71

The Hall measurement results of Gd,In:CoSbs specimens are comparable to
those values of the Ce,In:CoSbs specimens. Here the effective charge carrier
density increases on average with ascending filling fraction, but to a smaller
extent than in the case of the Ce,In:CoSbs samples. Furthermore the Hall
mobility values follow the trend and are inversely proportional to the fill-
ing degree with Gd and In. The exception is the Gdg 1Ing;CosShis sample,
which shows a considerable lower effective charge carrier density as well as
a lower electrical conductivity, when it is compared to the lower filled sam-
ple with x = 0.05. As a result of the effective charge carrier density and
the lower electrical conductivity the Hall mobility of the Gdg.1Ing1CosSbs
sample possesses the highest Hall mobility among all other Gd,In:CoSbs spec-
imens. In figure L.29 the temperature dependence of the dimensionless figure
of merit ZT of the compacted Ce,In:CoShs and Gd,In:CoSbs specimens is
shown. The ZT values were calculated from fitted values of the temperature
dependent Seebeck coefficient together with the electrical and thermal con-
ductivity data. All specimens show a gradual increase of ZT as a function
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np (10 em™3)  pp(em?V-ts ) o(Sem™)

Ce,In,CosSbys

x =0.05 9.2 76 1118
x=0.1 9.5 55 832
x=0.15 60 22 2129
xr=0.2 87 20 2768
Gd,In,CosSbis

x=0.05 11 56 961
xr=0.1 4.8 101 771
x=0.15 15 58 1428
xr=0.2 22 49 1699

Table 4.3: Results from Hall and electrical conductivity measurements of the
compacted Ln,In,CosSbis (Ln=Ce, Gd) material with x = 0.05,0.1,0.15 and
0.2 at 300 K showing the effective charge carrier density ny, the Hall mobility
py and the electrical conductivity o, respectively.

of temperature starting from around 300 K to 700 K.

According to the diagram the Ce,In:CoSbs sample with lowest filling fraction
(x = 0.05) possesses the highest ZT with a ZT,,x = 1.1 at 700 K among all
other skutterudite specimens. The Ce,In:CoSbs specimens with higher filling
fractions have due to a significantly lower absolute S value a vastly reduced
ZT. Tt is noteworthy that the sample with highest filling fraction (z = 0.2)
has one of the lowest figure of merit ZT" within the Ce,In:CoSbgz sample series,
which is opposed to most of the reported results on In:CoSbs, where with
higher filling fractions by trend an increase of the ZT" is observable m, ]
The Gd,In:CoSbs samples show in comparison to the Ce,In:CoSbs compacted
samples a lower electrical conductivity, absolute Seebeck coefficient and ther-
mal resistivity and thus a lower ZT as a function either of the filling frac-
tion or temperature. Highest ZT in the Gd,In:CoSbs series is obtained for
Gdg.15In9.15C04Sbyo having a Z7T},.« = 0.83 at 700 K. The compacted sample
with o = 0.2 however show almost the same ZT over a wide temperature
range versus the z = 0.15 compacted material, which is based on the higher
electrical conductivity of the Gdg2Ing2CosSbis sample and can subsequently
compensate the lower Seebeck coefficient. Low filling fractions of gadolinium
and indium filled skutterudites lead to a low figure of merit.
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Figure 4.29: Temperature dependence of the dimensionless figure of merit
ZT for short-term sintered Ce,In,CosSbis and Gd, In,CosSbio material with
x = 0.05,0.1,0.15 and 0.2. The error is considered to be around 8% and is
based on a calculation of errors of the particular measuring instruments:

AS=2pVK™, Ac=2Sem™, AT =02K, Ak =02Wm KL

Neutron powder diffraction measurements of the Ce,In:CoSb; Skut-
terudite material

The neutron powder diffraction data of CeggsIng;CosSbis was recorded to-
gether with the single indium filled samples presented in the section at
four different temperatures (12 K, 50 K, 150 K and 300 K). The pattern of the
powder diffraction measurement can be seen in figure [£30], figure [£31] and
the Rietveld refinement results are shown in table 4.4 and furthermore in fig-
ure The data is presented together with the single indium filled samples
to facilitate the distinctions between single In filled skutterudite specimens
and the double filled skutterudite sample.

The lattice parameter of the Ceg g5Ing.1CosSbio specimen increases from about
9.0298 A at 12K to 9.0463 A at room temperature. It increases with almost
the same slope as both single indium filled specimens. The absolute value
ranges between the Ingg5CosSbis and Ing,CosSbys samples and approaches
the high indium filled specimen.

The thermal parameters of Co and Sb are by trend higher than those of the
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Ceo.05In9.1Co4Sh1o
Rp (%) 2.75
Ryp (%) 2.53
Rexp (%) 1.29
x> 3.83
a (A) 9.046 26(2)
Usso(In/Ce) (A?) 0.003(2)
Uiso(Co) (A?) 0.0042(1)
Usso(Sb) (A?) 0.00595(6)
y(Sh) 0.33507(5)
2(Sb) 0.15791(5)
Oce.(In) (%) 6.8
Oce.(Ce) (%) 3.0
50k —s00x (1070 K1) 8.3

Table 4.4: Results from the Rietveld refinement of the time-of-flight neutron
powder diffraction measurements of the Ceg gs5Ing1CosSbio specimen at room
temperature - the R-factors are taken from the measurement at the lowest
temperature. The occupancy of Co, Sb and In was refined equal to the data
set in table[{.3. The occupancy of Ce was individually refined - the evaluation
of the Uiy, value at the 2a Wyckoff position represents a superposition of Ce
and In. o150 300K 1S the linear thermal expansion evaluated from the lattice
parameter at 150 K and 300 K, respectively, after ] The uncertainty is
denoted as follows: e.g. 0.33507(5) = 0.33507 £ 0.00005.

single indium filled samples and moreover when it is compared to the data
from Mi et al. @] the thermal parameters are more alike to the values
of the cerium single filled material. The thermal parameter of the 2a posi-
tion (assumably Ce and In) however is much different to the data from Mi
et al. and shows a low number of around U, (In/Ce)=(0.003 A?). The
thermoelectric properties of these specimens, which originate from the same
as-cast materials as the samples for the neutron powder diffraction data, are
of special interest, because the revised effect on the structural properties of
the skutterudite material will have a macroscopic impact on the transport
properties. In figure @33l the temperature dependent Seebeck coefficient, the
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Figure 4.30: The time-of-flight neutron powder diffraction data of the
Cep.05Ing.1CosSbyo specimen. The diagram shows the intensity in arbitrary

units as a function of d-spacing in [A] and different temperatures 12K, 50 K,
150K and 300 K.

electrical /(lattice) thermal conductivity and the figure of merit are displayed.
The Seebeck coefficient data of all three samples exhibits n-type behavior and
is consequently alike to the previous single and double filled skutterudites.
Highest absolute Seebeck coefficient is approached by the lowest single filled
skutterudite specimen (Ingg5Co4Shi2) and exhibits a maximum S at around
550 K and descends again for higher temperatures. The other two samples
show lower absolute Seebeck coefficients, which increase almost linearly with
ascending temperature and start to flatten at 600 K and 650 K, respectively.
The Ceg,05Ing.1CosSbys specimen shows among all other three specimens the
lowest absolute S value.

The electrical conductivity data as a function of temperature shows results,
which are comparable to the Seebeck coefficient data. The electrical conduc-
tivity of all three specimens decrease within the temperature range of 300 K
to 700 K. The double filled skutterudite sample possesses the highest and the
Ing.05Co4Sbs specimen the lowest electrical conductivity. Latter features a
flattening in the electrical conductivity data at around 600 K, which supports
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Figure 4.31: Data and Rietveld refinement of the time-of-flight neutron pow-
der diffraction data of Ceggslng.1CosSbys specimen at 12 K. The difference
profile is shown below the data points (blue solid line).

the visible effect in the Seebeck coefficient data.

The thermal conductivity values of the three specimens lie between 3 and
5.5 Wm~! K~ lin the given temperature range. The low indium filled sample
(Ing.05Co4Sby2) shows a steep fall of the thermal conductivity up to 550 K
and increases again for higher temperatures. The double cerium and indium
filled specimen (Cegg5Ing1CosShyy) starts already at a lower thermal con-
ductivity value, when it is compared to the Ing05CosSbys sample. The slope
of the double filled skutterudite material however is not as high as the low
indium filled sample and flattens furthermore at a temperature of 525 K. The
skutterudite sample with highest indium content possesses the lowest ther-
mal conductivity in this series. The slope of the thermal conductivity data
is more comparable to the low indium filled specimen and exhibits a minima
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Figure 4.32: Results from the Rietveld refinement of the temperature de-
pendent time-of-flight neutron powder diffraction measurement of double
cerium and indium filled skutterudites (IngosCosSbia, Ing2CosSbiy and
Ceg.5In9.1Co4Sbya ). Top left diagram shows the temperature dependent lat-
tice parameter a. Top right, bottom left and bottom right diagrams display the
atomic displacement parameter Ui, of the particular elements as a function
of temperature.

at 600 K and a small increase of the thermal conductivity is visible for higher
temperatures.

The calculated lattice thermal conductivity for the low filled sample is almost
unchanged with respect to the thermal conductivity. This is contributed to
the high absolute Seebeck coefficient and the low electrical conductivity of
the sample. The other two specimens show considerable changes between
the lattice thermal conductivity x; and the overall thermal conductivity k.
Due to the high electrical conductivity of the Ceg g5Ing.1CosSbis specimen the
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lattice thermal conductivity is almost identical to the high indium filled sam-
ple. In the sum the figure of merit Z7T is highest for the double cerium and
indium filled skutterudite sample (Cegg5Ing;CosSbis) approaching a value
of ZTh.x = 0.9 at 700 K. However the high indium filled specimen possesses
an equally high figure of merit up to around 575 K and is then saturating at
higher temperatures.

4.3.3 Discussion

The thermoelectric properties of both double filled skutterudites (i.e. Ce/In
and Gd/In) show notable high figure of merits in a temperature range from
300K to 700 K. The Gd,In:CoShs samples exhibit thermoelectric properties
related to that of single filled In:CoSbs material and possess at high filling
fractions of gadolinium and indium a figure of merit close to Z7T = 0.83 at
700 K. On the other hand the cerium and indium doubled filled samples
show a vast improvement in comparison to pure CoSbs material and even
single filled In:CoSbsz specimens in terms of the thermoelectric properties.
It is noteworthy that the sample with lowest filling of cerium and indium
already exceeds a figure of merit of one starting from about 640 K.

The Synthesis of double filled skutterudite material is almost identical
to the process of single indium filled skutterudites (see sec2.1)). However
there are (vast) differences, which occur at the particular steps of the synthe-
sis. First, the synthesis process is carried out solely under inert atmosphere,
because both rare earth elements (Gd, Ce) easily oxidize in air. Addition-
ally powders from rare earths can be pyrophoric and as a consequence were
not used in this synthesis approachl?] After sealing the silica tube the con-
stituents were melted in an induction furnace. In this silica tube an exother-
mal reaction takes place during the inductive melt process, which is most
probably a reaction of antimony and the particular rare-earth. Experiments
with an arc melter were carried out for the Ceg 1Ing;CosSbis material to pro-
duce a precursor out of cerium and cobalt. The advantage of this process is
that the strong exothermal reaction can be displaced within a more controlled
surrounding, i.e. in a water cooled copper cup under inert atmosphere. On

2"Preliminary experiments with cerium powder failed due to severe oxidation problems.
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Figure 4.33: Temperature dependent thermoelectric properties of short-term
sintered ID0.05CO4Sb12, IHO.QCO4Sb12 and 060_051110.100481)12 specimens. The
samples origin from the same as-cast materials as the samples used for the
neutron powder diffraction measurements. The diagrams show the Seebeck
coefficient S (top left), the electrical conductivity o (top right), thermal con-
ductivity k (bottom left) and the calculated lattice thermal conductivity k
(bottom right) as a function of temperature in the range of 300K to 700 K.
In the inset of the thermal conductivity diagram the figure of merit of all three
specimens is displayed as a function of temperature. All three specimens were
measured by the differential Seebeck voltages method (see secl3.2.2).

the other side, the PXRD pattern of the annealed Ceg 1Ing;CosSbhis pow-
der material shows that Sb and CoShs are the predominant phases and the
skutterudite phase was almost not formed. This was changed by short-term
sintering of the powder. After the compaction the skutterudite phase was
formed, however considerable amounts of secondary material remains in the
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material (see figlf2]]). This behavior may be attributed also to the high
annealing temperature, which can have a negative effect on the crystalliza-
tion process of the material. Since elementary Sb is assumed to be liquid in
the annealing period the filled skutterudite phase may not have the chance
to crystallize. Experiments have shown that a reduction of the annealing
temperature to 973 K enables a formation of the skutterudite phase during
the annealing process. This reveals very clearly that the constraints for the
formation of filled skutterudites are stronger than for unfilled skutterudites,
at least for the selected annealing temperature.

Another observation is that the melt of Ln,In:CoSbs material exhibits a
completely different viscosity, which can be best compared to highly alloyed
steels. This is considerably different to single indium filled skutterudite ma-
terial, which possesses a significantly lower viscosity than the Ln,In:CoSbs
material in the liquid state.

Measurements of the local Seebeck coefficient can detect differences in the
effective doping level on the surface of the as-cast material and for this rea-
son can be possibly used as a measure of the local distribution of the filler
elements. This means that a local Seebeck coefficient measurement and the
corresponding histogram can predict, whether the filler elements are finely
distributed to a large extent in the synthesized material, or not. Latter is
determined by the change of the Seebeck coefficient as a function of the filler
fraction, which is validated in the results of the different Seebeck coefficients
of the specimens (e.g. see figlL0). The analysis of the local Seebeck coeffi-
cient data of Ln,In:CoSbs material suggests that most probably due to the
higher viscosity in comparison to In:CoSbs material a homogenization is more
difficult to obtain. Many attempts were necessary to obtain a skutterudite
material, with homogeneously distributed .S values and thus with an uniform
filling/doping of the whole skutterudite material.

Structural and Thermoelectric Properties: The used filler elements
have a considerable impact on the structure of the skutterudite crystal, which
are different for Ce,In:CoSbs and Gd,In:CoSbs specimens, respectively. The
lattice parameter of the Ce,In:CoSbs specimens starts already at a higher
value and increases more rapidly in comparison to the single In:CoShs sam-
ples. The lattice parameter of the low filled Ce,In:CoSbs specimen (z = 0.05)
is @ = 9.046 A and increases up to a value of @ = 9.062 A for the material with
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highest filling fraction (Ceg2Ing 2Co4Sbyz). This finding suggests that cerium
is to a large extent incorporated in the skutterudite crystal and consequently
exhibits a lattice parameter expansion, which is alike to that reported in lit-
erature for single filled cerium skutterudites @, @] For the single filled
Ce:CoSby material a maximum lattice parameter of 9.046 A is reported ],
which is significantly lower than the maximum value, which was obtained in
these Ce,In:CoSbz samples. Hence it can be assumed that a reasonable part
of the lattice parameter expansion is most likely attributed to the presence
of cerium and indium in the skutterudite crystal structure.

For the Gd,In:CoSbs material the change of the CoSbs crystal structure is
not as high as with the Ce,In:CoSbs specimens. The lattice parameter starts
with a = 9.041 A for Gdg.1Ing 1CosSh1s and ends with a maximum lattice pa-
rameter of a = 9.052 A for the composition GdgoIngCosSbis. It is of interest
that the lowest filled sample exhibits a higher lattice parameter than the next
higher filled Gdg 1Ing1Co4Shis specimen. This is a strong indication that the
starting composition was changed in such a way that the effective doping
and filling of the skutterudite material is higher for the Gdg g5Ing.05C04Sb12
sample than the Gdg1Ing;CosSbis specimen. This is supported by the fact
that the temperature dependent electrical conductivity follows this trend
under which the lowest filled Gd,In:CoShs sample has a higher ¢ than the
Gdp.1Ing.1CosShys specimen - and therefore suggest a higher effective dop-
ing/filling. Carried out Hall measurements reveal this fact and show a con-
siderable lower effective charge carrier density for the Gd,In:CoSbs sample
with z = 0.1. Accordingly the determination of the exact composition of
these two compounds would be desirable

For the highest filling level with gadolinium and indium a lattice parameter
is observed, which corresponds to the reported maximum lattice parameter
of single indium filled CoSbs skutterudites (a = 9.0563 A from ]). This
means that indium is either fully incorporated in the skutterudite struc-
ture, or gadolinium may be additionally substituting/entering sites within
the skutterudite structure - or both.

Gadolinium possesses seven 4f, two 6s and one further 5d valence electron
having a typical oxidation state of 3™ or less often 2%, which makes it in prin-
ciple suitable for an electropositive lattice site in the skutterudite structure,

28These studies report mostly on skutterudite material, which contains an additional
amount of iron. Fe itself has an influence on the lattice parameter and thus these two
effects cannot be clearly separated.

e.g. by an inductively induced plasma mass spectrometer measurement (ICP-MS)
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such like the Wyckoff position 8c or less likely the 2a position. The gadolin-
ium ion possess an ionic radius, which is smaller than that of ceriunﬁ@, and
for this reason it is doubted, whether gadolinium can occupy the filler po-
sition permanently due to a weak bonding to the Sb-framework. However
when certain conditions are fulfilled the Gd ion can occupy the interstitial
void ﬂ@]

In this work it can be almost excluded that Gd does predominantly fill the
2a void in the skutterudite structure, due to the results from the Rietveld
refinement and the determined lattice parameter In this case a higher lat-
tice parameter would be expected. A lattice site substitution of Gd in the
skutterudite crystal is also unlikely. This would probably lead to a significant
change in the electrical conductivity, or in the case of isoelectronic substitu-
tion, a (dramatic) decrease in the lattice parameter P4 The increased thermal
resistivity and the evidence of secondary phases in the material indicate that
Gd will first and foremost form impurity phases (GdSb/GdSb,).

SEM and PXRD analyses reveal that almost all Ln,In:CoSbs (Ln=Gd,Ce)
as-cast materials show mainly the skutterudite phase with a high grade of
crystallinity. Secondary phases are not observable for the Ceg o5Ing.o5Co4Sb1
specimen. For higher filling fractions traces of impurity phases (e.g. CeSby/CoSby
for Ceg15Ing15C04Sbys) can be observed in the PXRD patterns. However
only for highest filling fraction with x = 0.2 a relatively intense signal is
visible for CeSb and InSb. This indicates that for higher filling fractions
with cerium and indium the solubility limit in the skutterudite crystal is
reached/exceeded and the actual filling fraction of Ce and In is most prob-
ably less than the starting nominal composition. Nevertheless the lattice
parameter still ascends with increasing addition of Ce an In. Thus the for-
mation of secondary material and the incorporation of filler elements in the
skutterudite crystal can be regarded as competing processes. This again can
be attributed to the synthesis procedure and especially the annealing step,

30Gd3t radius in eight-fold coordination rqq = 1.19 A, Ce3T in eight-fold coordination
ree = 1.28 A [144]

31t is reported that the provided charge carriers from the Gd ion has to be compensated
by e.g. Co substitution with Fe.

32 A statement, whether Gd enters to a (very) small extent the lattice void site of CoSbs,
cannot be made.

33The reported ionic radius of Co™? in six-fold coordination and low-spin configuration
is rco = 0.685A.

34Reflections and lattice parameters are taken from Wang ﬂ@]
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where the crystallization of the skutterudite material takes place.

The thermoelectric properties of double filled skutterudites show high Z7T val-
ues in the investigated intermediate temperature range, especially Ce,In:CoSbs
material exhibits a ZT', which is significantly above 1 at higher temperatures.
The figure of merit Z7T as a function of temperature decrease with increasing
filling fraction of Ce and In. In many investigations, high(er) filling lev-
els contribute to an improved figure of merit of the skutterudite material,
especially due to the high Seebeck coefficient values. For this reason the
distinctions of ZT vs. filling fraction x between this work and other stud-
ies may be contributed to the different synthesis procedures, which are in
other studies far away from steady state conditions (e.g. melt-spinning with
subsequent short-term annealing). In this investigation a more steady state
synthesis was approached, comprising induction melting with a subsequent
long annealing step at high temperature and a steady cooling down period.
In the case of gadolinium and indium filled CoSbz material, the samples pos-
sess values of ZT' not significantly higher than for single filled In:CoSbs mate-
rial. For instance the maximum Z7T for the lowest double filled Gd,In:CoShs
and single filled In:CoSbs specimen (z = 0.05) does not differ in magnitude,
but shifts from 550 K to a temperature value of around 600 K.

The lattice thermal conductivity values for the double filled Ln,In:CoSbs
specimens was derived by applying the Wiedemann-Franz law (see sec[4)).
The diagrams are shown in figure [£.34]

The values of the lattice thermal conductivity in figure [£34] are for skut-
terudite samples with small Ce and In filling fractions slightly lower in com-
parison to the single filled In:CoSbs specimens and therefore validates the
effectiveness of double filled skutterudites. The vastly enhanced electrical
conductivity of Ce,In:CoShs specimens, contributes however to an increased
total thermal conductivity. Specimens with high fractions of cerium and
indium show even lower lattice thermal conductivity values up to a mini-
mum lattice thermal conductivity of ;. = 1.66 Wm~' K~ at 640K for the
Ceg.2Ing2CoysSbis sample. Main reason of the high lattice thermal resistivity
is the increasing filling fraction of Ce an In in the skutterudite structure,
which is revealed by the ascending lattice parameter, and presumably to a
lesser degree by the occurrence of secondary material. Latter is of interest
in the case of the Cegslng,Co,Sbyo specimen, where a significant amoun
of finely distributed impurity phases was found. It should be noted that at

35The total volume fraction of secondary phases is in the region of 1% to 2%
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Figure 4.34: Calculated lattice thermal conductivity x; and the Lorenz num-
ber Lo of Ce,In:CoSbs and Gd,In:CoSbs specimens with the composition
x = 0.05,0.1,0.15 and 0.2 as a function of temperature. The left diagrams
represents the data from the Ce,In:CoSbs specimens and the right diagrams
the data from the Gd,In:CoSbs specimens, respectively.

this level of filling, the fraction limit in the skutterudite material may be
already exceeded, because the individual filling fraction limits typically do
not increase with double filling of the skutterudite material P4 (see work of
Xi et al. @])

This leads to the assumption that the observation of finely distributed sec-
ondary phases in high filled Ce,In:CoSbsz specimens does not detrimentally
affect the electrical conductivity of the skutterudite material. For higher

36Filling fraction limit of Ce in CoSbs is reported to be 10%, of In it is reported to be
22%. However, as mentioned in the previous paragraph the formation of secondary phases
does not necessarily start with reaching the filling fraction limit.
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amounts of secondary phases this might be different: The Ceg1Ing.1CosShis
sample shows a CoSby phase with a volume fraction of around 10% and a
charge carrier density, which is comparable to the Ceg g5Ing05Co4Sbis spec-
imenP1 The comparison of the Hall mobilities puy shows that the specimen
with = 0.1 has a considerably reduced Hall mobility and thus shows a lower
electrical conductivity. As expected the secondary phases have a negative in-
fluence on the skutterudite material, when its volume fraction is reasonably
high. For (much) lower amounts the precipitates do not significantly lower
the electrical conductivity, but enhance the thermal resistivity in form of the
increased grain boundary density.

The Gd,In:CoShs specimens show a somewhat different trend of the lat-
tice thermal conductivity in comparison to the Ce,In:CoSbs samples. In
figure the x; data of the Gd,In:CoSbs samples is presented together
with the single filled indium skutterudite specimens. It is clearly observable
that the lattice thermal conductivity of the single filled indium skutterudite
material is by trend higher than the Gd,In:CoSbs specimens Furthermore
the lowest lattice thermal conductivities in this series are obtained for the
Gd0'21n0.2004sb12 and Gd0.15IHO_15CO4Sb12, which exhibit almost the same
value and an identical temperature dependence. This leads to the assump-
tion that the occurrence of the secondary phases increases significantly the
lattice thermal resistivity and the effect is in addition saturated at the fill-
ing fraction of z = 0.15 with gadolinium and indium. This is supported
by the fact that these two compositions (x = 0.15 and 0.2) have further-
more the identical temperature dependence of the figure of merit Z7: The
increased electrical conductivity of the highest gadolinium and indium filled
skutterudite specimen with x = 0.2 is compensated by a minor decrease of
the absolute Seebeck coefficient and leads to an almost identical figure of
merit for the specimen with the lower filling fraction of x = 0.15. Moreover
it is noteworthy that indeed the specimen with highest Gd and In filling
fraction (x = 0.2) exhibits a higher lattice parameter than the lower filled
sample with z = 0.15, but both possess an identical lattice thermal conduc-

37The determination of the volume fraction of CoSby was obtained by the analysis of
the PXRD pattern of the ground short-term sintered specimen.

38The specimen with starting composition of Gdg.15Ing.15C04Sb12 has shown a signifi-
cantly lower lattice parameter, electrical conductivity and absolute Seebeck coefficient in
comparison to the Gdg.o5Ing.05 CosSb12 specimen. Thus it was concluded that the starting
composition was changed to some extent and is therefore not shown in fig Z35]
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Figure 4.35: Calculated lattice thermal conductivity k, of Gd,In:CoSbs and
In:CoSbs specimens with the composition x = 0.05,0.15 and 0.2 as a function
of temperature. The empty symbols represent the data of the In:CoSbs speci-
mens and the filled symbols with lines represent the data of the Gd,In:CoSbs
Specimens.

tivity For this reason the question arises, why an apparently higher filling
level of the skutterudite material does not exhibit a lower lattice thermal
conductivity? It can therefore be speculated that a higher lattice parameter
of the skutterudite phase (presumable high occupancy of 2a lattice sites) not
necessarily cause a higher thermal resistivity - or simply, the calculation of
the lattice thermal conductivity suffers a systematic error, due to the non-
parabolic property of the band structure.

The Pisarenko plot (a S — n diagram) shows the Seebeck coefficient as
a function of the effective charge carrier density at room temperature (see
figl£36). The colored curves are calculations, where a single parabolic band
model is assumed with different constant effective masses and a scattering ex-
ponent r of —1, which denotes an acoustic phonon scattering as the dominant

39The lattice thermal conductivity is calculated after the Single Parabolic Band Model
and represents an assumption and is valid only for a certain extent for skutterudite mate-
rials.
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phonon scattering process (see sec[L4]). For the Ce,In:CoSbs specimens it is
easily observable that a considerable higher effective charge carrier density
is obtained in comparison to the single indium filled skutterudites. This be-
havior is found for several other (rare earth) filled skutterudite materials and
consequently is revealed for the Ce,In:CoSbs system. For the Gd,In:CoSbs
material system this effect is indeed less pronounced, however it can be ob-
served that an increase of the effective mass from about m* = 1.8 to m* = 2.5
takes place with increase of the effective charge carrier density ny.

From these findings it can be concluded that the Seebeck coefficient of the
Ln,In:CoSbs material system is strongly dependent on the effective charge
carrier density of the material. This behavior does not apply for the single
filled In:CoSbs system, where the effective mass changes only to a minor ex-
tent and as a consequence has a considerably lower Seebeck coefficient with
values of the identical effective charge carrier density in comparison to the
Ln,In:CoSbs specimens. The optimum of the charge carrier density with
regard to a high figure of merit ZT locates most probably in the range of
1 x 10*® cm™3. For higher charge carrier densities the ZT does not overcome
a value of 1.

Secondary Phases in Ln,In:CoSb; Skutterudites (Ln=Ce,Gd): Be-
sides the secondary phases, which were observed in the double filled Ce,In:CoSbs
and Gd,In:CoSbs as-cast material, a further study on Ce,In:CoShs material
was carried out, similarly to the work in @] and in section .23 In this
study the focus issue was the impurity material of Ce and In filled skutteru-
dite and whether these impurities can be affected by changing one parameter
in the synthesis route to a certain extent. Latter was realized by an additional
quenching of the skutterudite material directly after the annealing period of
1681 (see [170]).

The temperature dependent thermoelectric properties, i.e. the electrical and
thermal conductivity, and the calculated lattice thermal conductivity, of dif-
ferent concentrations with Ce and In (x = 0.05,0.1,0.15 and 0.2) are shown
in figure £371 The room temperature Seebeck coefficient values of these
specimens with modified annealing parameters were obtained by the local
Seebeck measurement instrument and are presented in the S —n diagram in
figure

The results from the Pisarenko diagram support the assumption that the
modified synthesis procedure does not vastly affect the behavior of the See-
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Figure 4.36: Coalculated Seebeck coefficient S according to a single parabolic
band model (see sec[1]) as a function of the charge carrier density nboltz
and a constant mass of the charge carrier m. The particular data points
within the diagram are the effective charge carrier densities ny from Hall
measurements at room temperature vs. the correspondent Seebeck coefficient
of the short-term sintered specimens (derived from the local Seebeck coeffi-
cient data). The specimens are In, Ce/In and Gd/In filled skutterudites with
different concentrations of the filler elements.

beck coefficient as a function of the effective charge carrier density. For this
reason it can be concluded that the Seebeck coefficient in the Ce,In:CoShs
material system is mostly affected by the effective charge carrier density. The
impact of the microstructure of the specimens on the Seebeck coefficient is
in contrast presumably insignificant.

More dramatic differences are observable with the electrical and thermal
conductivity of the modified Ce,In:CoSbs material. The electrical conductiv-
ity data of the quenched Ce,InCoSbhs specimens is lower and to some extent
the (lattice) thermal conductivity considerably higher than the conventional
Ce,In:CoSbs material and as a consequence exhibit by trend a lower figure
of merit. This can be to some extent explained by the microstructure of the
material. In M] we observed that the low filled Ceg 5Ingo5Co4Sb]; speci-
men shows decomposition effects of the material from the skutterudite phase
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Figure 4.37: Temperature dependent thermoelectric properties of short-term
sintered Ce,In,Co,Sby skutterudite specimens with x = 0.05,0.1,0.15 and
0.2. The diagrams show the Seebeck coefficient S (top left), the electrical con-
ductivity o (top right), thermal conductivity k (bottom left) and the calculated
lattice thermal conductivity k; (bottom right) as a function of temperature in
the range of 350K to 700 K. All presented specimens experienced a differ-
ent annealing procedure in comparison to the CeyIn,CosSbis. For details
it is referred to the section [[.3.3 For a better distinction the Ce,In:CoSbs
specimens with the modified synthesis parameter are denoted with a “qu” as
superscript and the different concentrations are denoted with an additional
star symbol. The Ceg1Ing1CosSbiy specimen was measured by the differential
Seebeck voltages method (see sec[3.2.3).
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into elementary Sb and InSh. This causes a vast phase inhomogeneity in the
material, which was observed in the electron microscopy analysis and in the
local Seebeck coefficient measurement. Latter revises a macroscopic trans-
formation of the specimen, by reason that the scanned area of the as-cast
material was about 7mm? large.

This decomposition effect is until now, not fully understood. From the work
in M] we know that the binary phase diagrams (e.g. In-Sb) have to be
considered and that the formation of secondary material is vastly dependent
on the thermodynamical processes of the filler element(s) with the main con-
stituents (especially Sb). It is obvious that the formation of InSb is a main
driving force in the (Ln),In:CoSbs system, however the question why the
skutterudite material can be quite sensitive to the annealing temperature is
not yet answered. Here a systematically investigation on possible ternary
phases and deviations from the Co-Sb phase diagram would be of high ben-
efit.

For higher Ce and In filled samples the condition can be more complex. We
observed for the Ceg 5Ing 2Co,Sh{y specimen a reduced electrical conductivity
with a concomitant higher lattice thermal conductivity in comparison to the
conventional specimen with the identical starting composition of x = 0.2 the
lattice thermal conductivity was calculated by a constant Lorenz number and
is therefore significantly different to the calculated lattice thermal conduc-
tivity in this work[d However this does not occur for lower In and Ce filled
specimens with x = 0.1 and 0.15. Clarification brings the measurement of
the effective charge carrier density. The results from the Hall measurement
reveal that the quenched samples (denoted as “qu”) have by trend a lower
charge carrier density, but a higher effective charge carrier mobility. Here
the secondary material plays a crucial role, because it impacts the effective
mobility by frequency, distribution and its size. With regard to an optimized
thermoelectric material, this study showed that lower filling fractions of Ce
and In with no visible precipitates is most ideal. Nanosized InSb precipitates,
were never observed with TEM and SEM in this work (see therefore @])
Compositions with z = 0.1 and 0.15 are also effective in terms of high ZT
and are actually improved little by the additional quenching step. These
compositions may be good candidates for a more rapid synthesis procedure
(e.g. spin melting), due to a formation of precipitates, which are assumably

40In ﬂﬂ] For details on the more accurate determination of the Lorenz number it is
referred to sec[I4]
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small and may not deteriorate the effective charge carrier mobility and on
the other side give access to higher charge carrier densities/effective masses,
which in the end can result to a vastly enhanced ZT.

Thermal Parameter and Thermoelectric Properties of the Skut-
terudite Specimens: The thermoelectric properties of the short-term sin-
tered Ing o5Co4Sbio, Ing2CosShis and Ceg g5Ing.1CosSbio specimens were de-
termined in the temperature range of 300 K to 700 K. These compacted
samples originate from the same as-cast materials, which was used for the
neutron powder diffraction measurement. The results do not considerably
deviate from other samples with the same starting composition within this
work, i.e. the Ingg5Cos4Sbis and Ing2CosSbis specimens. The low filled in-
dium sample exhibits a behavior of a more intrinsic semiconductor, with
evidence of bipolar thermodiffusion in the thermal conductivity data start-
ing from around 575 K. The high indium filled specimen is more comparable
to a metal and shows high electrical conductivity together with a monoton-
ically increasing absolute Seebeck coefficient as a function of temperature.
The thermal conductivity of the high indium filled sample is significantly
reduced by contrast with the low indium filled specimen. The double cerium
and indium filled sample however possesses an unique starting composition
in this work The thermoelectric properties of the double skutterudite ma-
terial shows in comparison to the Ing,Co4Sbiy sample a higher electrical
conductivity (at 500 K about 30% higher), lower absolute Seebeck coefficient
(at 500 K around 9% lower) and an almost similar lattice thermal conductiv-
ity. The double filled skutterudite specimen yields a figure of merit of 0.9 at
700 K and has therefore the highest Z7" in this series.

The refined thermal parameters indicate detectable differences among the
examined neutron powder diffraction samples. The Ceg o5Ing.1CosSbis spec-
imen has by trend a higher Uj, for Co and Sb than the single indium filled
samples (which are almost identical for both values). This is most probably
attributed the filler element cerium, which obviously has a measurable effect
on the two main constituents of the skutterudite material @] The main

“IThe composition was chosen in consideration of the individual filling fraction limits
of cerium and indium, which were divided by two - to avoid the occurrence of secondary
phases as much as possible and achieve a high filling fraction of both elements at the same
time
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focus however lies in the 2a Wyckoff position, which has in the case of the
Cep.05Ing.1CosSbyy sample a traceable thermal parameter with a relatively
high measuring error. However within the accuracy of measurement a value
of around Uy, (In/Ce)= 0.003 A? was determined from the Rietveld refine-
ment. Thus it can be concluded that the atomic displacement parameter
is considerably reduced from single filled cerium (see m]) or indium (see
secl.2.2) skutterudite material to double cerium and indium filled skutteru-
dite specimens. Another possible explanation is the variation of the atomic
displacement parameter as a function of the filler occupancy, which is in
the case of the double filled skutterudite specimen 6.8% for In and 3.0% for
Ce, respectively (refined values) - and therefore considerably lower than the
reported filling fraction of cerium in CoSbs (4.9% MD and the indium frac-
tion in the Ing»Co,Shis sample (13%, see secL2.2).

Moreover it can be concluded from the high lattice parameter, the thermal
parameters and the thermoelectric properties (especially the low lattice ther-
mal conductivity) that cerium and indium most probably occupy the vacant
lattice site of the skutterudite crystal.
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Chapter 5

Summary

The thesis investigated on the thermoelectric and structural properties of
CoSbg skutterudite material. The material was modified by several elements
such as indium, cerium and gadolinium, which have a significant impact on
the crystal structure and moreover on the thermoelectric properties. The
CoSbg skutterudite material was synthesized by induction melting and sub-
sequent long-term annealing mostly from elementary constituents. Series of
indium filled (In:CoSbs), cerium and indium (Ce,In:CoSbs) and gadolinium
and indium (Gd,In:CoSbs) specimens with different concentrations of the
filler elements (In, Ce, Gd) were prepared for structural investigations and
(high temperature) thermoelectric characterization.

The as-cast material, i.e. the skutterudite material directly after the anneal-
ing process, was examined by X-ray and neutron powder diffraction. Also
measurements of the local Seebeck coefficient and electron microscopy anal-
ysis on a cut-out of the as-cast material were carried out.

The thermoelectric properties of the short-term sintered samples of the skut-
terudite material were determined within the temperature range of around
300 K to 700 K. The temperature dependent measurements encompassed the
Seebeck coefficient, electrical and thermal conductivity. Hall measurements
were carried out at room temperature to identify the effective charge carrier
density and the effective charge carrier mobility.

The thermoelectric properties of the single indium filled skutterudite spec-
imens showed that the figure of merit ZT strongly increases between the
filling fraction of indium between x = 0.05 and = = 0.1, when = denotes
the fraction of the indium content (In,Co4Sbi2). The Ingo5CosSbis speci-
men possesses a behavior of an intrinsic semiconductor, i.e. the trend of the

119



120 Chapter 5. Summary

Seebeck coefficient has an inflection point at around 550 K and the thermal
conductivity exhibits a significant bipolar thermodiffusion around the same
temperature range. The single indium filled skutterudite samples with higher
indium concentration exhibit a more metallic behavior (monotonic decrease
of o and k as a function of temperature, with a concomitant increase of the
absolute Seebeck coefficient 5).

Furthermore the synthesis parameters have a significant influence on the
thermoelectric properties of the indium filled skutterudite material and can
enhance the figure of merit, especially for high filling fractions with indium,
which was revealed in the case of two different Ing,Co4Sbqy specimens. The
modified synthesis parameter (quenching after the annealing period) showed
that the effective charge carrier is increased and the size and shape of the
precipitates are considerably changed.

The thermoelectric properties can also be enhanced by addition of two el-
ements to the CoSbs skutterudite material. Gadolinium and indium filled
skutterudite specimens (Gd,Ing o5CosSbis) showed a considerable amount of
secondary material already for low filling fractions. The occurrence of these
precipitates can significantly enhance the lattice thermal resistivity, however
the mobility of the charge carriers can be affected - with a final outcome of
a ZT, which is almost similar to single indium filled skutterudite specimens.
The thermoelectric properties of the short-term sintered Ce,In:CoSbs speci-
mens show the highest figure of merit values among all samples investigated
in this thesis. However the figure of merit Z7T as a function of the concentra-
tion of the filler elements is different to the single filled In:CoSbs specimens.
Here the lowest filled sample (Ceg o5Ing 05Co4Sbis), exhibiting no visible pre-
cipitates, possesses a vastly enhanced ZT significantly above 1 at around
700 K. Specimens with higher filling fractions of cerium and indium still
have high ZT values just below 1. This different behavior can be most
probably explained by the increase of the effective charge carrier mass as a
function of the effective charge carrier density, which was revealed by Hall
measurements. In other words the skutterudite material with high charge
carrier densities deviate significantly from a single parabolic band model and
the material can possess higher Seebeck coefficients with a concomitant high
effective charge carrier density. The high effective mass adds to a high See-
beck coefficient together with an increased electrical conductivity and thus
leads to an improved Z7T. The microstructure of double filled skutterudites

can be complex, due to the multiplicity of possible secondary phases. In the
case of Gd,In:CoShs or high filled Ce,In:CoS3 skutterudite material, LnSby
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(Ln=Gd, Ce) phases, elementary antimony and InSb are the most occurring
precipitates. The size and shape are mostly in the range of several 100 pm,
which can be attributed to the induction melting and long-term annealing
(slow heating and cooling rate). When the annealing parameters are changed
equally to the experiment with the single indium filled specimen, the shape
and size of InSb and Sb can be considerably changed. However the LnSb, in-
termetallic phases remain unchanged, due to its high melting temperatures.
The thermoelectric properties and particular the figure of merit of these dou-
ble filled skutterudite specimens do not benefit from the additional treatment
and rather tend to show decomposition effects.

The structural investigations with high resolution neutron powder diffrac-
tion reveal that for single indium filled skutterudite material the 2a Wyckoff
position is occupied. Furthermore the temperature dependent measurement
of the Ing2Co4Shis specimen exhibits a strong increase of the thermal pa-
rameter of indium, which represents a significant atomic displacement and is
typical for the filler element in cage compounds.

The examined double cerium and indium filled skutterudite specimen with
the starting composition Ceg g5Ing1CosSbis also shows an occupation of the
void lattice site (2a Wyckoff) by cerium and indium. The thermal parame-
ter of the 2a position increases equally as a function of temperature, however
the absolute value is considerably decreased. The thermoelectric properties
of these examined specimens coincide with previous results and the double
filled Ce,In:CoSbs specimen also shows a potential figure of merit of 0.9 at
700 K.

The indium single filled skutterudite show promising thermoelectric proper-
ties within the temperature range between 300 K and 700 K. Indium acts
as regular filler element and the secondary phases can contribute to an en-
hanced figure of merit ZT', when the synthesis and annealing parameters are
optimized. Double filling of the skutterudite material further enhance the
lattice thermal resistivity with a concomitant high Seebeck coefficient and
electrical conductivity, especially for cerium and indium.
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