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ABSTRACT

Energy conversion is employed to power generation utilizing the Seebeck effect or
cooling utilizing the Peltier effect. Herein, we study several Ir;Ge; typed semiconductor
materials for potential thermoelectric energy conversion. Mo3;Sb7, crystallizing in Ir;Ge;
type, can be rendered semiconducting by a partial Sb-Te substitution without noticeable
structure changes, resulting in Mo3;SbsTe, with 55 valence electrons per formula unit.
Meanwhile, large cubic voids in the MosSbsTe, crystal structure provide the possibility
of filling the voids with small cations to decrease the thermal conductivity by the so-
called rattling effect. To verify this idea, the thermal and electrical transport properties of
MosSbs4Te1 s and NiggsMosSbssTe ¢ are studied. The material, NbsSb,Tes, is
isoelectronic with MosSbsTe, and crystallizes in the Ir;Ge; type like MosSbsTe,. Its
thermoelectric properties are studied. Re;(GeAs); also crystallizes in the cubic Ir;Ge;
type and different doping levels can be achieved by adjusting the ratio of Ge and As.
Here we study the ResGeAss and Re;GeosAss4 materials. Like MosSbsTe,, its crystal
structure contains large voids, making it also possible to fill in small cations as rattler. Co
is attempted to insert in the crystal to get CoposRe;GepsAscs. The resulting

thermoelectric properties are discussed in this document.
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I INTRODUCTION

Thermoelectric Effect

Seebeck Effect

The Seebeck effect was discovered in 1821 by Thomas Johann Seebeck,[1] who
found that a voltage existed between two ends of a metal bar when a temperature gradient
AT existed in the bar. The effect is that a voltage, the thermoelectric EMF, is created in
the presence of a temperature difference between two different metals or
semiconductors.[2] This causes a continuous current to flow in the conductors if they
form a complete loop. The temperature gradient across the material leads to an unequal
distribution of charge carriers. Free carriers will have more energy at the “hot” end of the
sample than the “cold” end and will diffuse further through the material. As a result of
this unequal distribution of charge, a voltage proportional to the temperature gradient is
established. In equilibrium, this new distribution of charge will establish an opposing
electric field to prevent further charge diffusion. Suppose we have two materials A and B.
We use A and B material to form a differential thermocouple as shown in Figure 1.1. If
the two junctions are held at different temperatures, a voltage V,;, will be generated and it

is proportional to the temperature gradient A7. The Seebeck coefficient is defined by

Oyp=—">=0,—0U, (1.1)



where « ,, is the relative Seebeck coefficient, and o ,and «, are the absolute Seebeck

coefficients for the individual conductors.[3] The sign of the Seebeck coefficient is
usually indicates the type of carriers present in the material. A positive Seebeck
coefficient indicates that the primary carriers are holes. On the contrary, a negative one

shows that electrons are dominant carriers.

Peltier Effect

This effect was observed in 1834 by Jean Peltier.[1,4] The Peltier effect is the
reverse of the Seebeck effect. It is the reversible exchange of heat from a junction of
dissimilar materials in the presence of a current passing through the junction, which is
held at a constant temperature. The Peltier coefficient, I1, is defined as the ratio of the

rate of heating or cooling to the electrical current passing through the junction, as

H:ld—Q:aT, (1.2)
I dt
do . . ) ) )
where 7 is the heat flow per unit time. / is the electrical current. Depending on the
t

direction of the current, heat can be absorbed or released at the junction of two dissimilar
conductors as in Figure 1.2. The Fermi energies of the two conductors can be used to
describe this phenomenon. In Figure 2, Heat is released at the junction if the Fermi
energy of material A is larger than that of material B. On the contrary, if the Fermi

energy of material B is larger than that of material A, heat is absorbed.



Thomson Effect

In 1851, Thomson (Lord Kelvin) predicted the cooling or heating of a homogeneous
conductor resulting from the flow of an electrical current in the presence of a temperature

gradient.[1,5,6] This is know as the Thomson effect. And the Thomson coefficient, 3, is

defined as the rate of heat transferred per unit of temperature gradient per unit of current.

The rate of heat transferred, known as Thomson heat, Oy, in a uniform conductor is

proportional to the electrical current given as:

do, = [ par )t . (1.3)

The Thomson effect leads to a direct relationship between the Seebeck and Piltier

coefficients:

(1.4)

~ |3

Thermoelectric Refrigeration and Power Generation
Based on the Seebeck effect and Peltier effect, there are two possible application of
thermoelectric material: refrigeration and power generation.[7] Figure 1.3 shows the
thermoelectric energy conversion couple. In the refrigeration mode, in which the Peltier
effect is utilized, an external battery forces the electrons and holes away from the cold

side of the device, resulting in cooling. In the power generation mode, in which the



Seebeck effect is used, heat is applied to the one side of the device, as a result, a voltage

develops across the n and p legs that can be used to convert part of the heat into electrical

power.

Thermoelectric Figure-of-Merit
The efficiency of the thermoelectric material is evaluated by the dimensionless

figure of merit, ZT,[8] given by

r=29r, (1.5)

where, « 1s Seebeck coefficient, also called thermopower, x is thermal conductivity and

o is electrical resistivity, equal to the reciporical of resistivity p . The numerator part is

defined as power factor

PF.=a’oT. (1.6)

The thermal conductivity is from two parts: electrical contribution x, and lattice

contribution x,, so it can be represented as

K=K, +K,. (1.7)



The electrical conductivity (o) and electronic thermal conductivity (k) are correlated via

the Wiedemann-Franz relationship x, = L,7c, where the Lorentz number L= 2.45-10°
*V?K™. The most common route to improve ZT is to minimize x, while preserving

electrical conductivity and thermopower.

Materials are classified into metal, semiconductor and insulator by the electrical
conductivity, which is a reflection of charge carrier concentration. And all three
parameters in the figure-of-merit ZT are dependent on the carrier concentration.[9] Figure
1.4 shows the relationship and indicates that the electrical power factor reaches its
maximum at a carrier concentration of around 10'*/cm’. The electrical contribution to the
thermal conductivity is also increasing with carrier concentration. Consequently, the
figure-of-merit optimizes at a specific carrier concentration which corresponds to that of

doped narrow gap semiconductors.

Material Introduction

Ir;Ge; typed MosSbsTe,, NbsSb,Tes, and Re;GeAsg share the same structure as
shown in Figure 1.5. In this type, the cationic atoms (M = Ir, Mo, Nb, Re ) are
surrounded by eight anionic atoms (E = Ge; Sb, Te; Sb, Te; Ge, As) in form of a distorted
square antiprism. Two such antiprisms share a common face leading to an M—M contact.
Moreover, the faces opposed to the shared one are connected to the next pair of antiprism
via secondary E-E bonds. This interconnection results in the formation of infinite linear
chains comprising alternatingly empty E8 cubes and M2E12 double antiprisms. Parallel
running chains are bonded to each other via short E-E bonds (Figure 1.6). The three-

dimensional interconnection of these chains occurs at the E8 cubes, wherein each face is



part of a MES square antiprism, i.e. three linear chains interpenetrate each other at each
cube.

MosSb; can be rendered semiconducting by a partial substitution of Sb with Te,
resulting in MosSbsTe, with 55 valence electrons per formula unit. This material
complies to all the basic criteria for enhanced thermoelectrics such as high symmetry
crystal structure with heavy elements and the possibility of rattling to further reduce the
lattice thermal conductivity. Nb;3Sb,Tes is isostructural and isoelectronic with
MosSbsTe,. This material is an n-type semiconductor, with comparable Seebeck
coefficients and smaller electrical conductivity compared to Mos;SbsTe,. ResAs;, was
characterized as metallic with 56 valence electrons. The calculations by Dr. Kleinke’s
group at University of Waterloo show that its ternary, hitherto unknown variant
ResGeAsg is semiconducting as well, and our preliminary measurements indicate that it
exhibits n-type semiconducting character with better power factors than MosSbsTe,. Its
Seebeck coefficients exceed -100uV/K at room temperature, and increase with increasing
temperature.

In this document, the experimental procedure and results of the above materials will

be discussed.



Material A

T+ AT

Material B Material B

Figure 1.1: A Differential Thermocouple Illustration: an example of Seebeck effect



Material A

gﬁ:ﬂ

Material B

T

Figure 1.2: Peltier Effect Illustration (Red: release heat; Blue: absorb heat)
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Figure 1.3: Thermoelectric Refrigeration (left) and Power Generation (right)
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Figure 1.4: Power Factor As a Function of Carrier Concentration [9]
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Figure 1.5: Crystal Structure of Ir;Ge; typed material [ 10](Blue: M = Ir, Mo, Nb, Re;

Red: E = Ge; Sb, Te; Sb, Te; Ge, As)
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Rattling?

Figure 1.6: Two Parallel Chains of square antiprisms [10] (Blue: M = Ir, Mo, Nb, Re;

Red: E = Ge; Sb, Te; Sb, Te; Ge, As; Green: rattling atom)
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II EXPERIMENTAL PROCEDURE AND APPARATUS

Synthesis
All the Synthesis of the powder samples were performed in Dr. Kleinke’s lab at

University of Waterloo.

The Synthesis of Mo3Sb7.sTes and NiposMo3Sby.sTes

The Synthesis of the powder was performed in Dr. Kleinke’s lab at University of
Waterloo. All reactions were carried out in evacuated fused silica tubes, starting from the
elements (Mo: powder, 3—7 mm, 99.95%, Alfa Aesar; Sb: powder, 2100 mesh, 99.5%,
Alfa Aesar; Te: powder, 2200 mesh, 99.8%, Sigma Aldrich).[10,11] We always used 1.5
mmol Mo per reaction, and added the main group elements in the stoichiometric ratios,

according to the general reaction equation:

3Mo + (7 - ) Sb + 6Te — MosSbysTes (2.1)

(with 0 <8 <2.3)

The evacuated and sealed tubes were placed into a resistance furnace and heated up to the
final reaction and annealing temperature of 750 °C. This reaction temperature ensures
mobility of the main group elements, for it is above both the melting points of tellurium
(450 °C) and antimony (630 °C), but well below the melting point of

molybdenum(2620°C).The formation of Mo3Sb;sTes is thus a solid/liquid reaction.



Homogeneity was achieved by (i) applying a long reaction time of at least 10 days and
(i1) grinding the samples, followed by reannealing at 750 °C for another 4-10 days. The
title compound Nij osM03Sb7.sTes was prepared by annealing prepared Mo3;Sb7sTes with

Ni in powder form between 500 and 750 °C.

The Synthesis of Re;(GeAs);

The reaction elements from ALFA AESAR (rhenium, powder, -325 mesh, 99.99%;
germanium, powder, -100 mesh, 99.999%, arsenic, lump, 99.999%) were heated in the
desired ratios in evacuated silica tubes at temperatures between 600°C and 800°C over a
period of 7 — 14 days.[12] Phase pure samples of Re;GesAs;_s could be prepared with & =
1.0, 0.6, and 0.4, as analyzed by means of X-ray powder diffraction using the INEL
powder diffractometer with position sensitive detector. The three samples of nominal
composition Re;GeAs;, ResGepsAsss and Re;GepsAses were analyzed by means of
standardless energy dispersive spectroscopy (EDS, LEO 1530, with integrated EDAX
Pegasus 1200) using an acceleration voltage of 21 kV. The distribution of Re, Ge and As
appeared to be homogeneous throughout each sample; and no additional peaks, hence no

heteroelements were detected.

The Synthesis of Nbs;Sb,Tes

All reactions commenced from the elements (Nb: powder, -325 mesh, 99.8%, Alfa
Aesar; Sb: powder, -100 mesh, 99.5%, Alfa Aesar; Te: powder, -200 mesh, 99.8%,
Sigma—Aldrich), which were stored in argon filled glove box." Different reactions were

carried out, starting from the general Nb:Sb:Te ratio of 3:2—6:5 + J, with —1/2 <5 < 1/2
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(0 was varied in steps of 0.1). The reaction mixtures were put into fused silica tubes,
which were then evacuated and sealed. The tubes were placed into a resistance furnace,
heated up gradually to 600 °C within 24 h, and kept at that temperature for 1 week. At
that point, each tube was shaken vigorously to improve homogeneity. The final step was
re-heating at 600 °C for a second week.

Each sample was analyzed by means of X-ray powder diffraction using the INEL
diffractometer with Cu Ka,; radiation and position-sensitive detector.[13] Only in case of
0 = 0, the powder diagram exhibited exclusively the reflections of Nb;Sb,Tes; in all other
cases, traces of NbSb, (when ¢ < 0) or NbTe2 (when 0 > 0) were also found. As re-
heating these samples at different temperatures between 500 and 800 °C did never yield
phase pure Nb;Sb,Tes, it is concluded that the phase range of Nb;3Sb, sTes:s, must be
negligible, i.e. it is certainly smaller than —0.1<0<0.1. The sample of the nominal
composition of Nbs;Sb,Tes was analyzed by means of standardless energy dispersive
spectroscopy (EDS, LEO 1530, with integrated EDAX Pegasus 1200) using an
acceleration voltage of 21 kV. The distribution of Nb, Sb, and Te appeared to be
homogeneous throughout the sample; and no additional peaks, hence no heteroelements

were detected.

Crystal Structure Determination

The crystal structure determination was done by Dr. Kleinke’s group at University
of Waterloo. A BRUKER Smart APEX CCD diffractometer with graphite-

monochromatized Mo Ka, radiation was used for the data collection, performed by scans
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of 0.3° in ® in two groups of 606 frames (each with an exposure time of 60 s) at ¢ = 0°

and 60°.[10,12,13] The data were corrected for Lorentz and polarization effects.
Absorption corrections were based on fitting a function to the empirical transmission
surface as sampled by multiple equivalentmeasurements using SADABS. The structure
solution and refinements were carried out with the SHELXTL program package. Details

of the crystallographic data are listed in appendix part.

Hot-press
The hot-press procedure was performed in our CAML lab at Clemson University.
The powder samples were hot-pressed and densified using a hot-press procedure
(Thermal Technology® HP20-4560-20 as shown in Figure 2.1). In practice, the sample
powder is first cold-pressed into a pellet, which is then put into the graphite die to be
heated by a furnace and pressed by two Mo rods as shown in Figure 2.1. The temperature,

pressure, duration and density are listed in the Table 3.

Electronic Structure Calculation
The LMTO method (LMTO, linear muffin tin orbitals) was utilized with the atomic
spheres approximation (ASA) for the electronic structure calculations. In the LMTO
approach, the density functional theory is used with the local density approximation
(LDA) to treat correlation effects.[10,12,13] This part of work was done at University of

Waterloo.
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Electrical Transport Properties Measurement

All the electrical transport properties measurements were done at Clemson.

Resistivity and Thermopower Cryocooler System

The resistivity and thermopower are measured simultaneously from ~ 8 K to 310 K
using a custom-designed cryocooler system.[14] Samples are mounted on a custom
designed mounting chip as shown in Figure 2.2, which can be directly plugged into and
removed from the cold finger on the system. Resistivity is measured by the standard four-

probe method. During the measurement, the current is injected through one pair of leads

(I", I") and voltage is measured using the other pair (¥, V). The direction of the

current is then reversed to subtract off the thermal voltage.

20 )L 21 L

o= R4 _ (EJA _ (MJ‘Z{ - [(RSF + VTE)_(RS]+ + VTE)Jf _ (2.2)

For the thermopower measurement, according to the Seebeck effect a,,= -V, AT, the
potential difference due to a temperature gradient needs to be measured. In the cryocooler
system, the temperature gradient is measured by a 3-mil Chromel-Au-Fe (0.7 at % Fe)-
Chromel differential thermocouple. The junctions of the thermocouple are permanently
embedded in two copper blocks soldered to the two ends of the sample. The

thermoelectric voltage (V) is measured by a different set of voltage leads attached to

the Cu blocks when the current is set to zero.
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Seebeck Coefficient/Electric Resistance Measuring System

The high temperature resistivity and thermopower are measured on a Model ZEM-2
Seebeck Coefficient/Electric Resistance Measuring System.[15] The system can measure
the thermopower and resistivity from room temperature to 800°C. Figure 2.3 shows the
conceptual diagram illustrating the measurement of thermopower and electrical
resistance. To improve the accuracy of measurement, samples should be prepared in the
shape of prism or cylinder, of which one side or diameter is 2 to 4mm and length is 13 to
18mm. The both end surfaces of the sample should be parallel to each other. The samples
mentioned in this document are in prism shape with dimension about 2x2x(6-8)mm’.
Two probes A and B are attached to the sample to measure the voltage across A and B as
V. At the meantime, the temperature is measured on point A and B as T and Tg. In this

way, the measuring temperature would be

T,+T,
2

(2.3)

Tmeasure =

The voltage across a reference resistance R, which is connected in parallel with the

sample, is measured as V,. The sample resistance would be

v
Reampie= V—l XR . (2.4)
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During the measurement, the current applied to the sample is reversed in order to
eliminate the influence of the thermopower at the contact point between the probe and the
sample.

The resistivity can be derived by measuring the resistance value of the sample and

taking the dimensions into account as following:

p=rA 2.5)

where, R is the sample resistance, A is cross-sectional area of the sample and L is the

distance between the two probes.

Hall Effect Quantum Design Physical Property Measurement System

Hall effect measurements are made in the standard 5-probe technique (Figure 2.4)
using the Physical Property Measurement System. [16] The sample is mounted on a
Quantum Design® AC Transport puck. The current and voltage leads are soldered to the
sample as in Figure 10 to provide the electrical contact. An excitation current of 100mA
is sent through the sample. When a current is passing through a sample transverse to an
applied magnetic field, a potential difference is developed perpendicular to both electric
and the magnetic field. This is known as the Hall effect. The potential difference
generated is called Hall voltage. The Hall voltage comes from the movement of the

charge carriers in the sample under the Lorenz force ( F = gvx B ). The measurement of
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the Hall effect, using the ACT option, requires the measurement of the Hall voltage as

shown:

IB

net

(2.6)

where, B is the magnetic field, / is the current through the sample in the perpendicular

direction, p,, is the transverse Hall resistivity, n is the carrier concentration, e is the

electronic charge and 7 is the width or thickness of the sample. The carrier concentration

is calculated from (2.6) as

Herein, a single carrier model is assumed.
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Figure 2.4: Hall Effect Measurement
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Thermal Tansport Properties Measurement

All the thermal transport properties measurements were done at Clemson.

Steady State Thermal Conductivity Measurement System

When it comes to the measurement of the steady thermal conductance (K), a
constant temperature difference (47) is required to be maintained. Here we use a stead
state technique in which the sample reaches the complete thermal equilibrium (=+
50mK). The determination of the thermal conductance is dividing the power input

P, = I’R) by the temperature gradient (A7) caused by the heat flow through the sample.
R Y

Thermal conductivity (k) is calculated from thermal conductance by taking dimensions

1nto account,

x=KL/A, (2.8)

where L is the length between the thermocouples, 4 is the cross-sectional area of the
sample.

There are several factors affecting the heat flowing through the sample by heat loss
via conduction, convection or radiation. A challenge to the steady state measurement is
determining the various heat loss. In order to minimize the heat loss, we use small
diameter wires with low thermal conductance to reduce conduction, high vacuum to
reduce convection and gas reduction, and various designs to reduce radiation losses.

A Quantum Design puck is modified to accommodate two samples for the measurement

of the thermal conductivity from ~10K to 300K.[17] A small copper plate is attached to
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the puck with Stycast®. Two small copper blocks are adhered to the copper plate with
screws. The samples are attached to small copper blocks with solder or Stycast®. In this
way, the sample is thermally connected to the puck, so is to the system. A 120Q strain
gauge (heater) is attached to the top of the sample using a very thin layer of 5 min epoxy
as a resistive heater. The mounting configuration and a picture of a mounted sample are
shown in Figure 2.5. Since the thermal conductivity of the epoxy is low, it provides
excellent thermal contact. The small size of the strain gauge (120Q2 heater) is helpful for
better thermal contact and less radiation loss. By replacing the existing leads of the strain
gauge with phosphor-bronze wires, the heat loss is minimized. Two #38 Copper insulated
wires are attached to the sample parallel to each other and perpendicular to the length of
the sample with Stycast®. The coating on the top of the wires is scraped to provide a
surface on which a 1-mil Cn-Cromega-Cn thermocouple is soldered. Using the copper
wires helps to achieve good thermal contact, and also helps to avoid the thermocouple
shorting to the sample. 1-mil Cn-Cromega-Cn thermocouple is used due to its low
thermal conductivity, which leads to less conductive loss.

The data is collected by using graphical programming language Labview® by
National Instruments. The temperature is stabilized to within +/-50mK throughout the p
vs AT run. Although several ways are employed to minimize the heat loss, there are still
some radiation losses above 150K. In the experiment, the power through the sample is

P, =P

Input -

P

Loss *

2.9)
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According to Stefan-Boltzman law[ 18], the heat transferred by radiation is given by the

formula

Py = Ace(T* - T}), (2.10)

where P,,;, is the radiated power, 4 is the cross sectional area of the sample, o is the

Stephan-Boltzmann constant(o = 5.7 x 10 Wm K ™), £ (0 < & <1)is the emissivity, T

is the temperature of the sample, and T is the temperature of the system given by

T, =T +AT. (2.11)

Taylor expansion of 7 and assuming AT to be small gives
Ty = (T +AT)' = T* —T°AT + HigherOrderTerms ,

which, when substituted into Equ(2.8), gives

Py = Ac?e(T°AT). (2.12)

When the thermal conductivity is measured, we use the Wiedemann-Franz

relationship (x, = L,T/p) to calculate the electronic contribution. By subtracting it from
the total thermal conductivity (x,), we get the lattice contribution x, = x, —k,. By

plotting the lattice thermal conductivity ( x, ) and the lattice thermal conductivity
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extrapolated (x, ) from the lower temperature (<200K), the difference between the two is
determined as A = x, —k,,, which is assumed to be caused by radiation. If plotting A vs

T’ generates a linear relationship, it is likely that the difference is due to the radiation.
Consequently, the total thermal conductivity can be corrected by the

formulax, =x, +x,,.

Laser Flash and DSC Measurement of the High Temperature Thermal Conductivity

For high temperature thermal conductivity, we use laser flash thermal diffusivity
(LFTD) method. The LFTD method measures the thermal diffusivity (d) and the specific

heat (C,) of the sample. The thermal conductivity is determined by

x=dDC, . (2.13)

where D is the density of the sample, C,, = C,, for solid.

Diffusivity Measurement

Thermal diffusivity is measured by a standard laser flash system (NETZSCH LFA
457)[19]. Figure 2.6 shows a conceptual graph of the laser flash system. The front surface
of the cylindrically shaped sample piece (~0.1mm to 3mm) is homogeneously heated by a
unfocused laser pulse as shown in Figure 2.7. The temperature rise on the rear surface is
measured versus time using an infrared IR detector, which is cooled by liquid nitrogen. A

thermocouple, which is mounted on the sample holder and located at the height of the
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sample, measures the absolute temperature of the sample. The mathematical analysis of
this temperature/time function (Figure 2.8) allows the determination of the thermal

diffusivity d. For adiabatic conditions, d is determined by the equation

2
d=01388- (2.14)

tO.S

where, d is the diffusivity in cmz/s, [ 1s the thickness of the sample piece, and 7,5 is the
time at 50% of the temperature increase, measured at the rear of the sample piece[19].
The sample chamber can be evacuated up to a vacuum of approx. 102 mbar via the
software. The heat loss is corrected via integrated software. The samples are usually

coated with a graphite film before the measurement.

Specific heat measurement

The thermal analysis method Differential Scanning Calorimetry (DSC) is a
technique in which the heat flow rate to the sample is monitored.[20] In practice, the
difference in heat flow rate to the sample compared to a reference material is monitored
as in Figure 2.9.

Because of the thermal resistances at the sensor (red, shaded sections, figure on the
right), small temperature gradients proportional to this heat flow differences are built up.
The differential thermocouple measures these gradients with high precision and without
any disturbance from the influences, which are common to the sample and reference

(these are automatically filtered out by the differential arrangement). With temperature
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depending changes of the specific heat and during transitions of the sample material
(glass transition, melting, crystallization, structural changes, chemical reactions), the heat
flow to the sample is different from the one to the reference side. The temperature
difference caused by the difference in heat flow to the sample and the reference is
measured. Specific heat (Cp) is measured by comparing the temperature rise of the test

material with that of a material of known specific heat.

Heat Capacity Quantum Design Physical Property Measurement System

Heat capacity is also measured by the commercial Quantum Design Physical
Properties measurement system (PPMS) from 2K to 300K at constant pressure[16]. In
order to reduce conduction and convection heat losses, the measurement is performed
under high vacuum. The sample is mounted by thermal grease to the platform of a
removable Quantum Design Heat Capacity Puck as shown in Figure 2.10. A platform
heater and platform thermometer are attached to the bottom of the sample platform. Eight
delicate wires connected to the sample platform provide the electrical connection to the
platform heater and the platform thermometer. A relaxation method is used to obtain the
addendum and the heat capacity of the sample. In this method, a AT is established by
controlling the injected heat to the sample. Then after turning off the heater, a relaxation
curve is obtained and the relaxation time is determined. The whole measurements include
two parts: addendum measurement and heat capacity measurement. In the addendum
measurement, the puck with certain amount of N grease on the sample platform is
measured[16]. Then the sample is mounted on the sample platform and the heat capacity

is measured again. By subtracting the addendum from the heat capacity of the puck with
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sample, the heat capacity of the sample is obtained. The suggested sample mass for the
measurement is 1-200mg. The masses of the samples measured here are usually between
10-20mg. To get accurate data, it is very important to have a sample with a rather smooth

surface which helps to make good thermal contact to the sample platform.
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Figure 2.9: DSC Principle [20]
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IIT EXPERIMENTAL RESULTS AND DISCUSSION

M03 Sb5,4T€1 6 and Nio,osMO} Sb5,4T61 6

X-ray Diffraction

After the hot-pressing procedure, X-ray diffraction was taken for each sample with
Rigaku MiniFlex X-ray machine. The identical diffraction patterns (Figure 3.1) of the
MosSbs4Te; ¢ and NigosM0o3SbsaTe; ¢ samples, indicate that adding Ni does not change
the crystal structure. The sharp shape of those peaks demonstrates that the two samples

are excellently crystalline and no impurity peaks are identified.

Electronic Band Structure

The band structure was calculated by Dr. Kleinke’s group at University of Waterloo.
The band structure of Mo3Sb7, shown in Figure 3.2, demonstrates a band gap above the
Fermi level (fixed at 0 eV)[11], which may be reached by adding two valence electrons.
Since several bands cross the Fermi level, £, along all symmetry lines selected, Mo3Sb7
will exhibit three-dimensional metallic properties. The bands with mostly Sb p orbital
character are emphasized via the fat band representation. The band gap is located two
valence-electrons per formula unit above E.. The presence of numerous flat bands in the
area around E; indicates high effective band masses that favor high thermopower. A band
gap of ~0.9 eV occurs above the Fermi level. A smaller gap, namely of the size of 100-

300meV (i.e., 6 - 10 k;T with k,= Boltzman constant, T = temperature) is recommended



for enhanced thermoelectric energy conversion. The region around E;is dominated by
Mo d states, while most of Sb contributions are located well below and partly above E..
Two major differences of the band structure of Mo3SbsTe2 (Figure 3.3), compared to the
Mo3Sb7 band structure are: (i) the Fermi level falls right into the band gap, as anticipated;

and (ii) the size of the band gap decreased from 0.9 eV to 0.5 eV.[10]

Low Temperature Resistivity and Thermopower

Figure 3.3 and Figure 3.4 shows the temperature dependence of the electrical
resistivity and thermopower respectively for both Mo3Sbs 4Te; ¢ and NigosMo3SbsaTe; 6
samples[21]. For each of these materials, Mo3SbssTe; ¢ and NiposMo3SbssTe;, the
electrical resistivity increases with the temperature, exhibiting a degenerate
semiconductor type behavior; the signs of the thermopower are consistent with a p-type
material (i.e. positive). This is in agreement with the previous band structure
calculations. At 300K, the electrical conductivity values for each sample are respectively
1786Q'I-Cm'1, 18529'1-cm'1; and the thermopower values are 49uV/K, 65 puV/K, for
MosSbsaTe; ¢ and NiposMo3Sbs 4Te, ¢, respectively.  With respect to the comparison of
electronic conductivity and thermopower data between the MosSbssTe;s and
Nip0sM03Sbs 4Te 6, it is noticeable that for Ni-doping sample, the electrical resistivity is
slightly decreased, indicating that the electrical conductivity is increased, but the
thermopower is enhanced, too, thus improving power factor (P.F.= a’cT) from 0.13 W-
m'K" to 0.23 W-m'K™" at 300K. In most cases, adding cations will increase the carrier
concentration, as the result, the electrical conductivity is increasing and the thermopower

is decreasing. Surprisingly, in our case, both electrical conductivity and thermopower are
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enhanced by adding Ni cations. One possible scenario is that, the added Ni introduce
more carriers and upshift the chemical potential such that it gets further away from the
electron band, which is the minority band. Such a chemical potential shift makes the hole
carrier more dominating, diminishing the offset of the thermopower by two different

types of carriers.

Carrier Concentration and Hall Mobility

To verify this point, we measured the Hall coefficient between 15 K and 310 K, and
calculated the corresponding Hall mobility. As shown in Figure 3.5 and Figure 3.6,
adding Ni indeed introduces more carriers[21]. At room temperature, the virtual carrier
concentration is increased from 4.0 x 10*'/cm® in Mo;Sbs4Te ¢ to 4.9 x 10*'/em’® in
NigosMo03Sbs 4Te; 6. If we assume the added Ni adopt 3+ valence, the resultant carrier
concentration increase is ~ 0.8 x 10*'/cm’, which is close to the improvement of the real
carrier concentration at 15K which is 2.3 x 10*'/cm®. If Ni exists as Ni2+, the increase of
the carrier concentration is ~ 0.5 x 10*'/cm’. Adding Ni significantly alters the band
structure, by simply adding 2 or 3 electrons per Ni to the system. Interestingly, while the
carrier concentration MosSbs4Te; ¢ increases as the temperature decreases, the situation
in NigosMo3Sbs 4Te ¢ is contrary to this. Meanwhile, the mobility has a value of a few
cm?/sec-V, typical of a degenerate semiconductor. The temperature dependences of
mobility in both systems increase slowly with lowering temperatures, as expected from

the scattering from the acoustic phonon modes.
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High Temperature Resistivity and Thermopower

The high-temp resistivity and thermopower data are plotted together with the low-
temp data in Figure 3.7 and Figure 3.8. In the high temperature range, both the resistivity
and thermopower continue the low temperature trend: the thermopower of
NigosMo3Sbs 4Te ¢ is keeping higher than that of MosSbssTe s, meanwhile, the
resistivity of NigosMo3SbssTe;¢ is lower than that of Mos;Sbs4Te; 6. The power factor
reaches 1.43Wm'K! and 1.64Wm'K' at 800K for Mo;Sbs4Te1s and

Nig06sMo03Sbs 4Te) ¢, separately.

Low Temperature Thermal Conductivity

Figure 3.9 and Figure 3.10 shows the comparison of the thermal conductivity and
lattice thermal conductivity of Mo3;Sbs4Te; ¢ and NigosM03Sbs4Te; 6. The lattice thermal
conductivity is calculated by total thermal conductivity subtracting the electronic
contribution. The Wiedemann-Franz relationship is employed for calculating carrier
thermal conductivity. From the graph, it is apparent that the lattice thermal conductivity
shows a crystal-like behavior[21]. From MosSbs4Te; ¢ to NigosMo3Sbs 4Te) ¢, the lattice
thermal conductivity increased from 3.1 W-m"'K™" to 4.3 W-m'K™" at 300K, not as we
expected for reducing thermal conductivity by rattling effect. Based on the crystal
structure (see Figure 1.5 and Figure 1.6), the maximum occupancy of Ni per formula is
0.5. Accordingly, 12% of the Sb(2)-Sb(2) cubic voids, which is marked by a circle in
Fig.4, are filled with our 0.06 Ni per MosSbssTe;¢ formula unit. As for this 12%
occupancy, the thermal conductivity is expected to have an appreciable drop, if Ni indeed

works as a “rattler”. However, we observed the opposite in that the lattice thermal
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conductivity increased, which stimulates us to reconsider the possibility of a rattling
effect in these materials.

In skutterudites, there are two necessary conditions in order to have the rattling
effect. The first one is that the filler atom needs to be small and heavy such that it is
loosely bonded to the “cage” and gives rises to some localized low frequency phonon
modes (Einstein modes). The second one is more subtle, it requires the filler atom to have
multiple meta-stable positions in the “cage”. Our case qualifies the first criterion well.
The radius of Ni atom, 0.124nm,[11] is small enough for the cubic “cage” which,
revealed by the crystal structure analysis, is formed by the 0.310nm long Sb(2)-Sb(2)
bonds. Furthermore, according to our evaluation, if the intercalated cation Ni locates in
the center of this “cage”, there would be a 0.269nm long distance from Sb(2) atom and
0.328nm from Mo atom', suggesting that the cation is small enough to be potential
rattlers. Nevertheless, not all fillers in large voids work as rattlers. In our case, our
thermal conductivity data suggests that, very likely, the Ni atoms work just like space-
fillers which help densify the materials and thus enhance the thermal conductivity.
Although, at the present stage, it is still unknown why, in the “Ir;Ge;*“crystal structure,
filling Ni into the large voids is not creating rattling effect; it is noted that the thermal
conductivity for unfilled skutterudite materials is much higher than the unfilled

MO3Sb5,4T61.6.

Specific Heat

Debye’s theory, one of the earliest quantum theories of lattice specific heats, gives

an excellent explanation of the specific heat in solid based on crude approximations to the
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normal-mode dispersion relations. The Debye model considers that there are only three
branches of vibrational spectrum and each has the same linear dispersion relation.[22]

These simplifications result in

3
c, =9nk, (lj
O

where, 6, is Debye temperature. The way to pick 6,, is by making (3.1) equal to the

4
J-HD/T x“e’dx

; 3.1
0 (ex _1)2 ( )

experimental result at low temperatures (<5K). Thus, the lattice contribution for the

specific heat at low temperature results in

4 3 3 3
e =127 VT Cozal I ke, = 1044 L | (3.2)
0 0 0

5 D D D

It can be determined by fitting the 7" term in the specific heat at very low temperatures.

The total specific heat is from the electronic and the lattice contribution as shown by
c,=yT+pBT° . (3.3)

By plotting a graph of ¢, /T vs. T* at very low temperature, 4 and y are determined by

the slope and the intercept. The Debye temperature can be calculated by
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The Figure 3.11 and Figure 3.13 show the heat capacity of MosSbssTe;¢ and
Nig06sMo03Sbs 4Te; 6. The calculated Debye temperatures of the two samples, as shown in
Figure 3.12 and Figure 3.14, are 311K for MosSbssTe;s and 297K for
NigosMo03Sbs 4Te; 6. The Debye temperatures of the two samples are much higher than
other good thermoelectric materials such as PbTe(150K) and Bi,Te;(162K). Since the
Debye temperature is corresponding to the highest frequency of the phonon, this can
partially explain that the thermal conductivity of the two samples are higher than PbTe

and BiyTe;. The Debye temperatures of all the samples are summarized in Table 2.

High Temperature Thermal Diffusivity

The high temperature thermal conductivity is measured by the laser flash thermal
diffusivity method (LFTD). The thermal conductivity is determined by the thermal
diffusivity and the specific heat of the sample through Equation (2.11). In the experiment,
the thermal diffusivity and the specific heat are measured separately. The thermal
diffusivity of the two samples is shown in Figure 3.15. According to Equation (2.11), the
thermal conductivity is dependent on the thermal diffusivity, the specific heat and the
density of the sample. For a specified sample, the density is a constant and the specific
heat is weakly dependent on temperature after room temperature. So the diffusivity
dominately reveals the thermal conductivity. From Figure 3.16, we see the diffusivity of

the sample with Ni is higher than that of the sample without Ni, indicating most likely the
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thermal conductivity increased by adding Ni. This is in agreement with the low

temperature result.
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Figure 3.1: X-ray Diffraction Pattern of Mo3Sbs 4Te; ¢ and NigosMo03Sbs 4Te; 6
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Figure 3.2: Band Structure and Density of States (DOS) of Mo3;Sb;
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Nb3 szTe5

Band Structure and DOS

From the band structure and DOS (Figure 3.17)[13], the valence band is separated
from the conduction band by a forbidden gap in Nbs;Sb,Tes. Because the lower point of
the conduction band and the highest point of the valence band appear at P and H point,
respectively, the material may be classified as an indirect semiconductor. The density of
states reveals that Nb-d character contributes most to the region close to the gap. The
band gap is about 0.9¢V, much higher than 0.16-0.26eV (or 6-10kBT) for a
thermoelectric material.

The Figure 3.18 shows the CHOP curves of the Nb-Nb and the various interactions

between the main group elements.

Low Temperature Resistivity and Thermopower

The resistivity data is shown is Figure 3.19. When it is converted into the electrical
conductivity temperature dependence (Figure 3.20), the data show that the electrical
conductivity is increasing with increasing temperature, reaching at 73.89Q'cm™ at room
temperature. Because the slope is not exponential, Nb3;Sb,Tes can be classified as an
extrinsic semiconductor. This is in agreement with the electronic structure calculation.
[13] The thermopower is increasing with increasing temperature as well (Figure 3.21).
From the sigh of the thermopower, the material is decided as n-type material. At 300K,
the thermopower is about 29 VK™, a rather small value for a semiconductor. This also

supports that the material is an extrinsic semiconductor.
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Carrier Concentration and Hall Mobility

The carrier concentration temperature dependence is shown in Figure 3.22.
Comparing to Mo;3SbssTe;¢ and NigposMosSbssTe s, the carrier concentration of
NbsSb,Tes is lower. The former one is about a few 1021cm'3, while the latter one is a few
10*%m™. This may part of reason of its low electrical conductivity. The mobility is also
calculated as in Figure 3.23. It is increasing with decreasing temperature like

MO3 Sb5.4T61.6 and Ni0,06M03 Sb5,4Te 1.6

Low Temperature Thermal Conductivity

The thermal conductivity, x, slowly decreases with increasing temperatures above
60 K, and reaches 5.7Wm ' K ' at 300K (Figure 3.24). The thermoelectric figure-of-
merit is defined as ZT = o’oT/k. Its small value of 0.4x107° at 300K reveals that
Nb;Sb,Tes is not a competitive material at any temperature, for at least Z7 values around
1 should be approached. For example, Mo3Sbs 4Te; ¢ exhibits Z7 = 0.8 at 1050 K, with a

room temperature value of 0.03, i.e. 75 times the value of Nb3Sb,Tes.

Specific Heat

The specific heat is shown in Figure 3.25 and the Debye temperature is calculated in

Figure 3.26.
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RC3GGA56, RC3G60.6AS6.4 and C00,05R63G60.4AS6,6

X-ray Diffraction

X-ray diffraction was taken for each sample with Rigaku MiniFlex X-ray machine at
Clemson. All three samples share the same diffraction patterns as in Figure 3.27, showing

there is no secondary phase.

Density of States (DOS)

The density of states (DOS) of Re;GeAsg is revealed in Figure 3.28[12]. Compared
to the density of state of Mo3SbsTe,, both of them have a band gap at the Fermi level. It
is significantly larger in Re;GeAsq than that in MosSbsTe,. It should be expected to have
a larger Seebeck coefficient in Re;GeAss. The maximum ZT is expected to be reached at
higher temperature, for the optimal temperature of the best thermoelectric efficiency is
proportional to the band gap. Moreover, the spikes appear directly above or below the
gap in both case, indicating they should have a large Seebeck coefficient, which is

proportional to the first derivative of the DOS. This is from Mott equation:

7'k, 7 0ln o(E)]
3e OF -k,

S:

: (3.5)

where, k, is Boltzmann constant, e is charge of an electron, £, is Fermi energy, and o

is electrical conductivity.
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Low Temperature Resistivity and Thermopower

From the thermopower data in Figure 3.29, it is shown that all the materials,
ResGeAss, ResGepsAsss and CogosRes;GegsAses are n-type materials, in contrast to the
p-type thermoelectric MosSbs4Te;6. In each case, the Seebeck coefficient increases
steadily, approximately linearly with increasing temperatures, reaching —67uVK ', —
72uVK " and —59uVK'', respectively at 300 K. For comparison, we determined the
thermopower of Mo3Sbs4Te; ¢ at 300K +49uVK_1. The larger Seebeck coefficient of the
Re sample correlates nicely with the larger band gap. For Re;Gey ¢Ase4 and MosSbs 4Te; 6,
the observation of n- and p-type follows directly from electron counting, as the former
exhibits more than 55 valence-electrons per formula unit, namely 55.4,and the latter less
(54.6). Adding Co to the Re sample causes a decrease of the thermopower[12].

As expected from the density of states, Res;GepsAss4 and Res;GeAss have
significantly smaller electrical conductivity (1090 Q 'cm™' and 760 Q 'em ™ at 300 K)
than MosSbs 4Te; 6, determined to be 1780 Q—lcm—1 by us. In either case, the electrical
resistivity increases slowly with increasing temperature (Figure 3.30), typical for
degenerate semiconductors. The sample with Co has a higher electrical conductivity
(1198 Q'em™ at 300K). When it is normalized, the resistivity of the three materials

shows the same temperature dependence.

Carrier Concentration and Hall Mobility

From the carrier concentration data (Figure 3.31), we see that the carrier
concentration does not depend strongly on the temperature. The sample Re;GeAss has

much higher carrier concentration than the sample Re;Gep ¢Ase 4.

75



ResGepsAss4 has 55.4 valence-electrons per formula unit, more than 55 of
Res;GeAs;. Based on rigid band approximation, more electrons will raise the Fermi lever
higher. In this case, since the Fermi level for Re;sGeAsg is at the top of the valence band,

it will be lifted into the conduction band. In this way, we expect the carrier concentration

3 3

S Yo 20 3
0.4/V[4 ]=0.4/665.754 =6.01x10"/cm” gowever from our

would increase by
experimental data, we find the carrier concentration is decreased from Re;GeAss to
ResGepsAss4. This indicates that our assumption of a rigid band is wrong. Co doped
sample has higher carrier concentration than that of both Re;GeAss and Re;Geg ¢Asga. If
Co adopts 4+ valences, it will help to increase the carrier concentration 1.2x10*!/cm’
from Re;GepeAsea to CogosResGepsAsss. The experimental increase is 1.4x10*"/cm’ at
10K, which is close to the calculated one, indicating Co introduces more carriers to the
material and help to increase the carrier concentration. This may be part of reason for the
higher electrical conductivity of CogosRe;GegsAse.

The mobility of the three samples are shown in Figure 3.32. Like the carrier
concentration, the mobility does not strongly depend on temperature. However different

from the carrier concentration, Re;GepsAsgs has the highest mobility and

Cog osRe3Gep sAsg ¢ has the lowest one.

High Temperature Resistivity and Thermopower

Figure 3.33 shows the high temperature resistivity. The three samples share the same
trend at higher temperature. The resistivity increases with increasing temperature until

about 600K, and then decreases after that. Meanwhile, the thermopower increases with
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increasing temperature over the entire range of temperature (Figure 3.34). So the power

factor would keep increasing after 600K.

Low Temperature Thermal Conductivity

For the all three samples, the thermal conductivity, k, increases from 20 K to about
100 K, and reaches a plateau above 100K (Figure 3.35). The temperature dependence is
similar to that of MosSbssTe;s. At 300K, the thermal conductivity values for
ResGegeAses, ResGeAsgs and CogosResGepsAsgg are 4.2Wm‘1K_1, 3.9Wm 'K and
6.9Wm 'K ! respectively. For MosSbs4Te; ¢, it has the value 4.4 Wm‘lK_l, similar to the
value of ResGepsAss4 and Re;GeAsg. CoposRe;GepsAse s has a higher value than others.
The thermal conductivity k is comprised of the lattice thermal conductivity, kr, and the
electronic thermal conductivity, kg. Via the Wiedemann-Franz relationship (kg = LooT)
we calculate kg, where the electrical conductivity, , can be derived as the reciprocal of
the resistivity p, Lo is the Lorentz number, Li= 2.45-10"V?K™ By subtracting the
electronic contribution kg from the thermal conductivity x, we obtain very comparable
lattice contribution for the three samples, namely 3.3 Wm 'K! for Res;GeAsg, 3.4 Wm™
'K for ResGepsAses (Figure 3.36), and 3.5 Wm 'K for Mo;Sbs4Te; 6 and a much
higher value 6.0 Wm 'K! for Cop0sResGepsAss6. In this way we can conclude that the
differences in the thermal conductivity of Re;GeAss, ResGepsAss4 and MosSbssTe ¢
largely stem from the different electronic contributions, not surprisingly, as the structures,
bonding and molar masses of these materials are very similar. Sample CoggsRe3;Geo4ASs6
has a much higher value 6.0 Wm 'K ', indicating Co failed to be a rattler. It is very

possible for Co to form interstitial bonding with the parent material to help to densify the
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material. In this way it helps to increase the lattice thermal conductivity like the Ni in

Nig.0sM03Sbs 4Te; 6.

Specific Heat

The specific heat for Re;GeAss, ResGeosAsess and CogosRe;GepaAsgs are given in
Figure 3.37, Figure 3.39 and Figure 3.41. The Debye temperature is calculated as in
Figure 3.38, Figure 3.40 and Figure 3.42. The Debye temperature is corresponding to the
highest frequency of phonon. Usually the higher Debye temperature, the higher lattice
thermal conductivity is. Here we find the three samples follow the above statement. For
Re;GeAsg. Debye temperature is 294K, the lattice thermal conductivity is 3.30 Wm'lK'l;
For Re;GegsAse4, Debye temperature is 319.02K, the lattice thermal conductivity is 3.38
Wm'lK'l; For CogosResGegsAsss, Debye temperature is 374K , the lattice thermal

conductivity is 6.05Wm™'K™" .

High Temperature Thermal Diffusivity

The thermal diffusivity of Re;GeAss and ResGepsAsss and CogosResGepsAsse 1S
shown in Figure 3.43. Since the three samples have similar density and the specific heat
is not strongly dependent on the temperature, the thermal diffusivity is the dominant
factor which affects the high temperature thermal conductivity. Here we find there is not
a significant difference among the three samples’ thermal diffusivities, indicating at the

high temperature they have similar thermal conductivity.

78



Co, ReGe As .

0.05

Rechu_ﬁAs 4
RCFGCAS :

1

Intensity (arbitrary unit)

2 0(degree)

Figure 3.27: X-ray Pattern of Re;GeAsg, and Re;Gep sAses4 and CoggsResGepsASs6

79



1] IV—— _ru]g@ EIE_TEEL 0 R EEG EAS‘}_

|3 =
DOS

DOS

(E - Ep)feV
(E - Ep)feV

Figure 3.28: Density of States of Re;GeAss (Compared to the Density of State of

M03 SbsTez)

80



L] Re3GeAs6
14| & Re Ge As
37706 64

A Co ReGe As
0.05 304 66

13

12+ -
1.1+ -

0.9
0.8 - 1

Resistivity(mQ-cm)
'_\
o

0.7 e

06 | | | | | |
0 50 100 150 200 250 300 350

Temperature(K)

1.0

0.8 -

normalized

0.4

R

0.2 |

0 50 100 150 200 250 300 350
Temperature(K)

Figure 3.29: Low Temperature Resistivity of Res;GeAss and Re;GegsAsgs and

Cop.0sRe3Gep 4ASe6

81



Thermopower(uV/K)

-80 |

0O 50 100 150 200 250 300 350
Temperature(K)

Figure 3.30: Low Temperature Thermopower of Re;GeAss, Re;GepsAsgs and

Cog.05Re3Gep 4AS6 6

82



—O—Re3GeAs6
- Re Ge As
37706 6.4
——(Co Re Ge As
005 3 04 6.

(S

o
N
N

6

|

o
N
=

|

(@)
[N
©

e ] s P

Carrier concentration(1/cm 3)
|_\
o
3
I
|

50 100 150 200 250 300 350
Temperature(K)

|

o
[EEN
[e0)

o

Figure 3.31: Carrier Concentration of Re;GeAsq, ResGep sAse4 and Cogp osRe3sGepaAses

83



10 090000 000000 .

Mobil ity(cmzlv-sec)

1 | | | | | |
0 50 100 150 200 250 300 350

Temperature(K)
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IV SUMMARY

We studied the thermoelectric properties of several Ir;Ge; typed materials.
MosSbsaTe s shows a p-type degenerate semiconductor behavior. In an attempt to use
Ni as a rattler in order to improve the thermoelectric figure-of-merit, ZT failed, due to an
increased thermal conductivity, contrary to what was expected. However Ni-doping
increased the power factor from 0.13Wm™ 'K to 0.23 Wm'K™' at 300K. Though the
thermal conductivity is increased, the ZT is improved from 0.03 to 0.04. Nbs;SbsTe; is a
n-type material. Because of its very low electrical conductivity and thermopower, it is not
a competitive thermoelectric material. Re;GeAss and Re;GegsAsgs have similar
properties. Both of them are n- type. The ZT value of Re;Gej ¢Ase 4 is significantly larger
than determined for Mo3;Sbs4Te; 6, €.g. ZT(300 K) = 0.041 vs. 0.029. Co doping does not
help to reduce thermal conductivity. Although adding Co causes the resistivity to
decrease, the thermopower is also decreased. As a result, the ZT is decreased. Moreover,
the n-type material Re;GepsAss4 may constitute the ideal counterpart to the p-type
MosSbsaTe 6. The thermoelectric properties of all the materials here at 300K are

summarized in Table 1.
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Table 1. Thermoelectric Properties Summary at 300K

Composition p(mQ-cm) | a(uV/K) K(Wm'K") |PF(Wm'K" |ZT
Mo3Sbs 4Te; 6 0.56 49 4.4 0.13 0.029
Nig.osMo3Sbs 4Te; ¢ | 0.54 65 5.67 0.23 0.041
NbsSb,Tes 13.5 -29 5.65 0.0018 0.0003
Re;GeAsg 1.32 -67 3.85 0.10 0.027
Re;GepsAsea 0.92 -72 4.18 0.17 0.041
Cog.0sRe3Gep 4Ases | 0.83 -59 6.9 0.13 0.018
Table 2. The Summary of B, y and Debey Temperature

Composition B(mJmol 'K ¥ y(mJmol 'K™) 0p(K)

MosSbs 4Te; 6 0.65 15.0 311

NigosMo03Sbs 4Te; ¢ 0.74 9.32 298

Nb;Sb,Tes 0.85 5.95 283

Re;GeAsg 0.76 4.17 294

ResGeo cAse 4 0.60 1.98 319
Cog.0sRe3GepsAse s 0.37 9.00 374
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Table 3. The Summary of Hot-press

Composition Temperature | Pressure | Duration | Density % of Theoretical
(°C) (ton) (hr) (g/em’) Density
Mo3Sbs 4Te; 6 720 1.8 1.0 8.54 96%
Ni0,06MO3Sb5,4T€1,6 720 1.8 1.0 8.71 98%
NbsSb,Tes 650 1.4 1.0 7.65 94%
ResGeAss 720 23 1.5 9.57 90%
ResGeo cAse 4 720 2.3 1.5 10.0 93%
C00.05R63G60.4AS6,6 720 2.3 1.5 9.62 89%
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APPENDIX

Table A.1. Crystallographic Data for Mo3;Sb; and Mo;SbsTe,

Formula a/pm x(Mo) x(Sb(2)) Method R(F)

Mo;Sb; 957.13(8) 0.3425(13) 0.1624(4) | Weissenberg | 0.094
Mo;Sb; 955.9(3) 0.3432(2) 0.1620(8) CCD 0.033
Mo;Sb; 956.1(1) 0.3451(8) 0.1633(3) D500 0.055
MosSbsTe, | 956.3(1) 0.3407(5) 0.1634(2) D500 0.037

Space group Imgm, Mo on x, 0, 0; Sb(1) on %, 0, ¥2; Sb(2) on X, X, X.

Table A.2. Crystallographic Data for Nb;Sb,Tes

Empirical formula NbsSbsTe,
Formula weight (g/mol) 1160.23
Temperature (K) 298
Wavelength (A) 0.71073
Space group 143-m

Cell dimensions, a (A) 9.8180(4)
V(A% 946.39(7)
Number of formula units per cell 4

Calculated density (g/cm’) 8.143
Absorption Coefficient (mm™) 24.189
F(000) 1940

Crystal size (um) 25 x21 %20
2Theta range (°) 5-70
Reflections collected 2376
Independent reflections (R it ) 367 (0.036)
Observed data (206), parameter 332.15
Absorption correction Empirical
Minimum, maximum transmission 0.52,0.74
Goodness-of-fit on £~ 1.101

R(F), Rw(F?) (I>20(1)) 0.025, 0.046
R(F), Rw(F?) (all data) 0.029, 0.048
Extinction coefficient 0.00072(5)
Maximum diffraction peak, hole (¢/ A*) +1.28, -1.24
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Table A.3. Atomic Positions and Displacement Parameters of Nb;Sb,Tes

Atom Site X ¥ £ Uy I:.EL:_]

Nb 12e 0.34267(9) 0 0 0.00d6i2)
Tel 12d 1/ 112 0 000600 2)
Tel A 0.16615(9) 0. 16615(9) 0. 16615(9) 0.0058(4)
Shi 8c 0.E365T(11) 0.83657(11) 0.83657(11) 0007004
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Table A.4. Crystallographic Data for Re;GeAsg

Empirical formula

Formula weight [g/mol]

Temperature [K]

Wavelength [A]

Space group

Cell dimensions, a[A]
4N

No. of formula units per cell

Calculated density [g/cm’]

2theta range [°]

RP 9 RWP

ResGeAsq
1080.75
298

1.3302
Im3m
8.73180(7)
665.75(2)
4

10.78
49-115.1

0.0358, 0.0482
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Table A.5. Atomic Positions and Displacement Parameters of Re;GeAsg.

Atom  site x y z U, /A° occupancy
Re 12¢ 03413Q2) 0 0 0.0017(3) | Re
Asl 12d Va 0 Yo 0.0054(5) 1 As

E2  16f 0.1663(2) 0.1663(2) 0.1663(2) 0.0073(4) 0.25 Ge, 0.75 As
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