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ABSTRACT

Pb-based materials, which are superior for thermoelectric performance, environmentally have

toxicity. Thus the materials should be alternated by non-toxic materials.

Tin telluride (SnTe) is isostructural with PbTe and PbSe which are rock salt structure. In

addition, SnTe is similar to the electronic band structure (two valence band system) with PbTe and

PbSe. Thus, SnTe, which is overcome by low Seebeck coefficient and by large thermal

conductivity, can be expected by good thermoelectric material. Thus, Ag-included poly crystals

SnixAgiTe (x=0.1, 0.2, 0.3, and 0.4) were prepared by box furnace and by hot press to confirm

thermoelectric performance of the samples. By accident, we noticed difference that XRD patterns

of Sn; xAgsTe are changed from two phases (SnTe, AgTe) to mixed phase (SnTe/AgTe) before hot

pressing and after. In addition, electrical conductivity of samples is maintained until high

temperature. The power factor of sample to include silver(x=0.1) has maximum value (1.1



mW/mK?) at 673K. However, SnTe has higher power factor than Ag-included SnTe. Nevertheless,

we can carefully expect that sample to include mixed phase obtain high electrical conductivity.

Exceptionally, we developed the measurement of the thermoelectric power in the temperature

range from 2K to 300K. By using two heaters, two thermometer, chip resistors, et al, measurement

equipment is fabricated exactly. In addition, high density data is obtained by two heaters that are

operated by turn. The system is controlled by LabVIEW software. In order to demonstrate this

system, reference data of Pt wire and Ca;oNax(Pt3Asg)(Fe2As:)s superconductor were calibrated by

developed equipment. Therefore we demonstrated the equipment with superior performance

through confirming calculated data.

Keywords: SnTe, mixed phase, electrical conductivity, Seebeck coefficient, power factor
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Chapter 1. INTRODUCTION

1. Thermoelectric effect

Fossil resources are being exhausted by the global energy consumption increase every
year. Such a condition require the development and the use of alternative the energy
sources. The thermoelectricity phenomenon is to convert directly thermal energy to
electrical energy and vice versa. The phenomenon is used in power generation from waste
heat or in the refrigeration by electric current. [1] This process is based on the Seebeck
effect, which by a temperature gradient is generated as voltage difference in a material.
Seebeck found that the needle of compass is deflected in the presence of dissimilar metals
that are connected and are exposed to a temperature difference.

Thermoelectric element has a carrier of the n type and p type. The major carrier of n
type and p type is electron and hole. As shown in Fig. 1.1 (a), p-n junctions at the top is
heated by the heat source. Then, in this process, each carrier by temperature difference is
transferred at cold site by heat and Electron hole pairs are recombined to generate power.

The inverse effect of Seebeck voltage, the occurrence of a temperature gradient by
applied voltage, is known as the Peltier effect. As shown Fig. 1.1 (b), if voltage is applied
in the right direction across a p-n junction, each carrier by applied voltage is transferred at

the bottom. Thus, the device at the top can be cooled by applied voltage. [2, 3]



Figure 1.1 (a) Seebeck effect, (b) Peltier effect

2. Figure of merit (ZT) & Efficiency

Thermoelectric devices can be used for power generation as well as for refrigeration.
Thermoelectric efficiency depends on Seebeck coefficient (S), electrical conductivity(o),
and thermal conductivity (k). Figure of merit (ZT) by the three elements can be

described as thermoelectric performance and is expressed as dimensionless,

2
2T ==°T (Eq. 1.1)

Where T is the absolute temperature.

Thermoelectric device performance relies directly on the temperature gradient and as
intrinsic material parameter, the thermoelectric figure of merit. Thermoelectric device
performance depends directly on the temperature gradient and on the thermoelectric figure
of merit. The maximum efficiency of thermoelectric generation device is defined by
combining the Carnot efficiency and the figure of merit as shown in (Eq. 1.2)

AT [T+ ZTgpg—1

= Eq. 1.2
Nmax Ty m"’% (Eq )



Where Ty and T, are the temperature of the hot and cold ends in devices, AT is
their difference, AT /Ty is Carnot efficiency, and T, is the average temperature.

In this equation, the efficiency is significantly affected by figure of merit. In other
words, high efficiency requires high figure of merit and large temperature difference in
(Eq. 1.2). The correlation between the figure of merit and the efficiency of the

thermoelectric device is shown in Fig. 1.2 [4].

Power generation efficiency (%)

00 05 10 15 20 25 30 35 40

Figure 1.2 plot of power generation efficiency with the figure of merit ZT. [4]

In order to increase ZT values, the Seebeck coefficient and electrical conductivity

should have a large value.
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Figure 1.3 Thermoelectric figure of merit based on material



The ZT values of the current state of the art thermoelectric materials are shown in Fig.
1.3. The low-dimensional material is used to increase figure of merit ZT . Until 1990s, The
Figure of merit was hovering at about 1, but the Figure of merit recently has been

developed as Figure 1.3.

3. Carrier concentration

The figure of merit ZT depends on carrier concentration. In semiconductors there is a
certain optimum carrier concentration. Because of low carrier concentration, insulators and
non-degenerate semiconductor have large Seebeck coefficient. The carrier concentration
correlates with Seebeck coefficient. The Seebeck coefficient of metals and degenerate
semiconductors is expressed by:

_ 81'[2ké * s 2/3
S=-"_7mT() (Eq. 1.3)

The large Seebeck coefficient requires Small carrier concentration (n) and large
effective mass of carrier (m*). In addition, the electrical conductivity which is affected to
figure of merit is related to carrier concentration as following (Eq. 1.4)

oc=ney (Eq. 1.4)

The thermal conductivity (Eq. 1.5) is composed of thermal conductivity of phonon
and electron or hole. Besides, the thermal conductivity deals with carrier concentration by
electron or hole. (Eq. 1.6)

K=K, + K (Eq. 1.5)

K = LoT = LnepT (Eq. 1.6)

where L is the Loresz number with the value 2.45 X 10 8WQK 2.

The Seebeck coefficient, electrical conductivity, and thermal conductivity correlate



strongly with carrier concentration as Figure 1.4.

2
S So

-— |nsulators Semiconductors Metals —
Carrier concentration

Figure 1.4 Correlation according to the carrier concentration with the Seebeck coefficient,

electrical conductivity and thermal conductivity

Where S?0 is power factor which is important term in figure-of-merit equation.
In order to have high ZT, the carriers concentration should be maintained between

10%%and 102 carrier/cm3.

4. Snix AgxTe

Lead chalcogenides (PbTe, PbSe, PbS) and alloys have been known to the
thermoelectric materials with high performance. The p-type materials Pbi—xNaxTe-SrTe
were reported with ZT value reaching ~2.2 about 915K. [5] In addition, thermoelectric
performance of PbS and PbSe was reported with each ZT values 1.6 and 1.3.[6,7]

However, Pb-based materials environmentally have toxicity, thus the materials should
be alternated by non-toxic materials.

Tin telluride (SnTe) is isostructural with PbTe and PbSe which are rock salt structure.



In addition, SnTe is similar to the electronic band structure with PbTe and PbSe.[8-13]
Thus, SeTe can be expected by good thermoelectric material. However, because of many
Sn vacancies, SnTe has high hole-density (p~10%° — 1021 ¢m™3). For this reason, SnTe
has low Seebeck coefficient and large thermal conductivity. Nonetheless, several studies
have demonstrated to have similar two valence band (light-hole and heavy-hole bands) in
electronic band structures of PbTe, PbSe and SnTe.

SnTe has large energy difference to between two valence band edge about 0.3-0.4 eV
[7, 9], and PbSe has energy difference (about 0.1 eV [14]) in less than SnTe. (Figure 1.5

[23])

PbTe SnTe

+
6
\/ G-0 18eV

_l_ =0.3eV AE=0.3-0.4 eV
AE=0.05-0.10eV )\

Figure 1.5 a schematic diagram of the near edge band structure in PbTe and SnTe

In SnTe, Seebeck coefficient has the varied value about carrier concentration by
Seebeck Pisarenko relation. Here, Figure 1.6 [23] is Pisarenko plot, and Seebeck

coefficient is observed with the carrier concentration.
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Figure 1.6 Seebeck coefficients with carrier concentration.

Recently, In-doped and Cd-doped SnTe is reported with ZT value 1.1 at 873K and
with ZT value 1.3. [15, 16]

Also, the layered chalcogenides (MoS2, MoSe2, MoTez) were reported with
enhancement of thermoelectric power factor by layer mixing. [17] The enhanced power
factor is caused by reducing the band gap that has electrical conductivity because of layer

mixing (See in Figure 1.7 [17])

E
(A ]
Eq)
g
A ]
A
DOS
(a) (b)

Figure 1.7 Reducing band gap by mixing layer (a) mixing of layers (b) band gap of a

mixed layer system [17]
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Where A and B are each layers. Figure 1.7 (b) shows reason why band gap is
decreased at each valance band edge and conduction band edge.

In this study, we noticed difference of XRD patterns of SnixAgxTe (x=0.1, 0.2, 0.3,
and 0.4) before hot pressing and after. Before hot pressing, the samples separated into two
phases with SnTe and AgTe. However, after hot pressing, AgTe peaks disappeared and
SnTe peaks shifted to high angle. The sharp peaks changed broad peaks by hot pressing. In
addition, Power factor of the samples was increased at low temperature region. Then, the
reduction ratio of the electrical conductivity of SnixAgxTe is lower than SnTe. Thus,
electrical conductivity of the samples was roughly maintained until high temperature.
Consequently, we suggest carefully that the mixed samples (SnTe/AgTe) change power

factor at low temperature region and lattice parameter, like mixing layer system [17].



Chapter 2. Theory

1. Seebeck effect

When the temperature difference occurs within material, the electromotive force is
generated in a material. Generated voltage is called thermo electromotive force. The
temperature difference is proportional to the generated voltage at both ends. It can be
expressed by the following Equation 2.1.

Vs = aA- AT (Eq. 2.1)

In the equation, aA is the proportionality constant, is defined as for absolute Seebeck

coefficient. If Seebeck coefficient of two conductors is aA and aB, Seebeck coefficient

between two materials can be appeared as following Equations 2.2.

dvVs dVB dvA
aA—aB—d—T—?—d—T—aB—aA (Eq22)

Seebeck coefficient is indicated generally Equation 2.3.

— 8TPKE T~N2/3
S = oz T(3n) (Eq. 2.3)

Where n is carriers concentration, m* is effective mass of carriers. [18] Thus large
Seebeck coefficient requires large effective mass and small carrier concentration about
degenerate semiconductors and metal.

However, in the case of non-degenerate semiconductors, charged carriers need to be

excited across the band gap Energy (Eg) to the conduction level. Thus, the Seebeck

coefficient of semiconductors can be approximately expressed as following Equation 2.4.

~ "_B)E_Q_E_g
S = (e TaT — oT (Eq. 2.4)



Boltzman transport theory is described about transport with electron and heat.
This theory by Motto equation [19] (Eq. 2.5) is generally described about Seebeck
coefficient.

@ kBT dino(E)
3 e dE

g =1

|E=Ex (Eq. 2.5)

o(E) is electrical conductivity to be decided by Fermi energy. If scattering of
electrons has nothing to do with Energy, o(E) is only proportional to density of state

(DOS). Figure 2.1 shows about different two electronic DOS.

large slope
9 P small slope

----- AUUURREUL-H PO, . ok

>

DOS DOS

-
Ll

Figure 2.1 (a) ( ) large slope, (b) small slope nearby Fermi energy.

Previously mentioned, Seebeck coefficient is associated with slope nearby Fermi
energy by Motto equation. Thus large slope means large Seebeck coefficient and small

slope signify low Seebeck coefficient.

10



2. Effects of charge carrier’s interactions on Seebeck coefficients

Electron-electron interactions

The Seebeck coefficient is a fundamental electronic transport property. The Seebeck
coefficient is influenced by interactions of charge carriers with one other.
The Seebeck coefficient is the entropy which is transported by charge carrier. The entropy
is affected by the addition of a charge carrier and by the absolute temperature. Thus, the
Seebeck coefficient is the sum of contributions by the presence charge carriers and their

transport:

o= apresence + atransport (Eq~ 2~6)

In this chapter, because of confusing symbol of entropy, Symbol of the Seebeck
coefficient is «

For example, consider the idealized situation in which n fermion charge carriers are
distributed among N degenerate states of an arbitrarily narrow energy band. Then the
entropy of distributing n fermion charge carriers among the N state is demonstrated as

following equations:

N!

S = kInQ) = kIn N1 (Eq. 2.7)
N

S =—k{NIn(1-2) - nIn - 1)} (Eq. 2.8)

S = —NK][cInc + (1 — ¢)In(1 — ¢)] (Eq. 2.9)

Where ¢ = n/N is the carrier concentration. The Seebeck coefficient is related by

adding a single carrier:

— 05 _ 1-c
qa = ——= Kin|[ - ] (Eq. 2.10)

11



Then, this equation can be expressed about energy terms via the Fermi function, ¢ =

1/exp[(E — u)/kT] + 1 as following equation.

_ k(E-p
a=_[57 (Eq. 2.11)

Where p is chemical potential, KT is the thermal energy.

However, each electron carriers have a magnetic moment. Thus, each electronic
orbital state can be occupied both by carrier of spin up and by a carrier with spin down and
two carrier can be filled in the orbital state. Here, filled orbital state should be considered
by spin state of two electrons, because same spin electron is not filled in orbital state by
Pauli’s exclusion principle. A carrier can equivalently have one of two spin value, spin up

or spin down in orbital. Thus, Seebeck coefficient is

_ k 2(E-p)
a =[] (Eq. 2.12)

12



3. Thermal conductivity

Thermal conductivity coefficient (k) of the solid is defined about flowing heat and

expressed as following equation.

. dT
Ju=—K— (Eq. 2.13)

Where j is flux which be defined as unit area per unit time passing through the energy
of heat energy. The equation means that heat energy is transferred at random process. In
other words, the flux experiences frequent clash in the material.

Because of random process of heat flux, equation of flux includes temperature
gradient and mean free path.

Thermal conductivity coefficient is expressed as follows.

K= %cm (Eq. 2.14)

Where C is heat capacity per unit volume, v is average speed of particles, 1 is mean
free path of particles.

Particle flux is n < |v,| >/2 and exist as the opposite direction of the same size.
Where n is particle concentration. Specific heat of a particle is c. If a particle temperature
change as AT, a particle release energy as cAT. Then temperature gradient is expressed as

follows.

dT dT
AT =1, ==
dx lx dx

Uy T (Eq. 2.15)

Where 7t is average time between collisions. Next equation can be explained about

the opposite direction flux.

= 2 ar_ _1 2 a_ _leg*
Ju=n<vy>cr—=—-n<vt>cr—- SCvldx (Eq. 2.16)

If the speed is constant, because of 1 = vt andC = nc, thermal conductivity

13



coefficient become Cvl/3.

In a solid, there are two sources for thermal conductivity. When the carriers are
electrons which are transferring heat, the carriers are provided as electronic contribution of
thermal conductivity(x,). The other contribution to the thermal conductivity is the lattice
thermal conductivity transported by lattice vibration (x;). Most of the electronic term is
directly related to the electrical conductivity through the Wiedemann-Franz law,

K = LoT = LnepT (Eq. 2.17)

Where L is the Loresz number with the value 2.45 X 10" 8WQK 2.

Lattice vibrations can be described as atoms vibrating more energetically at on part of
a solid transferring that energy to less energetic neighboring atoms and lattice vibration
correlate with Phonon travelling. As a result, thermal conductivity is expressed by the
equation.

K=K, +K (Eq. 2.18)
e 1 q

14



Chapter 3. Seebeck coefficient measuring equipment

In this chapter, we explain the development of an experimental setup for the

thermoelectric  power measurement (Seebeck  coefficient) in  OXFORD

INSTRUMENTS, Cryogenic superconducting magnets equipment. Our equipment (Fig.
3.1) can be measured in the temperature range from 2 to 300K, and is composed of two
heaters, two thermometers, chip resistors, etc. High density data with increasing
temperature is obtained from equipment. In order to demonstrate the system,

calibrations have been performed on a platinum wire and CaioNax(PtsAss)(Fe2As2)s

superconductors. All equipment (current sources, voltmeters, etc.) were controlled by
LabVIEW software.

Figure 3.1 Photos of completed holder

15



1. Experimental setup

This equipment was produced to adapt cryostat system. Figure 3.2 show the sample
stage on the heat sink. The sample stage was composed of high sensitive thermometers
(Cernox sensors) at low temperature, heater (120 strain gauge), thermally isolated G-10
plate, chip resistors to raise the temperature, and phosphor bronze wire.

We will describe producing process of sample stage and experimental method. First,
G-10 plate was glued to the bottom of the thermometer using the GE varnish. The distance
between two stages has short length (~1.5mm) and long length (~2mm). Second, two heater
using the GE varnish were attached on the thermometer. Finally, phosphor bronze wires
which have low Seebeck coefficient (below 0.5uV K') were fixed by using a silver epoxy
on the two thermometers and chip resistor for increase of this system temperature was
attached to opposite site of sample stage. In order to experiment the system, the sample
roughly 2mm may be fixed using the silver paste in a complete holder. Then the sample

measurement can be used by LabVIEW software.

Figure 3.2 (a) Schematic diagram of sample stage. A: strain gauges for heater, B: G-10 plate
for thermal isolation from the heat sink, C: thermometer, D: Phosphor bronze wire, E: silver
epoxy for fixed Phosphor bronze wire on thermometers. (b) Sample settles on thermometers

using the silver paste.

16



2. Operating principles

The sample holder is provided only 16 wires. Eight wires were used for two
thermometers, four wires were used for the heater, two wires were used for the voltage
difference, and two wires were used for chip resistor.

Current source is supplied as heat reservoir to heater. The heat provides temperature
difference between two thermometers. Temperature difference serves voltage difference by
carriers of sample and the difference is measured by voltmeter. By this time the Seebeck
coefficient is calculated by voltage and temperature difference. Because two heaters were
operated by turn, high density Seebeck coefficient data can be measured. The system is
controlled by LabVIEW software.

When we apply a small temperature difference across the sample, we can define
temperature and voltage about applied heat. Ti represents temperature just before turn on
heaters and Tr indicates temperature just before turn on heaters. Therefore, by AV and AT

the sample temperature and Seebeck coefficient are calculated as following equations:

2AT = (T — T1p) + (T1{ — T2) (Eq.3.1)
24V = (Vf=Vj) (Eq. 3.2)
T,y = (Toe+ Ty p+(T1i+Tp)) (Eq. 3.3)

4

By temperature difference Seebeck coefficient of the sample is calculated by S =

2AV/2AT.

17



3. Calculation of sample Seebeck coefficient

In this chapter, we will describe that calibrations have been performed on Pt wire and
CaioNax(PtsAss)(Fe2As2)s superconductors. The system was compared with Pt reference
data and resistivity data of superconductors.

Figure 3.3 shows Seebeck coefficient of Pt wire. The results of Pt wire match with
reference data. The estimated uncertainty of this system from 77K to300 K temperature

ranges falls within a maximum of +1 pV K.

6 F T T T T T
a @ Ptwirel
'°° ° 9  Ptwire2
4F o 3 Reference
%
Se
2+ 9," i
00
lva 2
§ 0 %9 4
Z [ P
@) 00 °
990 o
2 4
o o
9 Qo
%%0
4l ° CJ
o )
]
1 1 n 1 1 1
100 150 200 250 300
TIK]

Figure 3.3 Seebeck data of Pt wire is compared with the reference data. Circles line

represents the measured data and solid triangles data is reference from [20].

Because Seebeck coefficient and resistivity are zero in the superconducting state, the
superconductor can be used by reference. Superconductor with a transition temperature of
37K degree was created in our lab. So we could compare Seebeck data with resistivity data.

The Seebeck data of sample correspond roughly to resistivity in superconducting
transition temperature in Figure 3.4. Therefore, the equipment from room temperature to 4K

was identified by calculated data.

18
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Figure 3.4 Seebeck coefficient (left axis) and electrical resistivity (right axis) data
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Chapter 4. Thermoelectric property of Sni.xAgxTe

1. Experimental Methods
(1) Samples preparation

Ag-doped poly crystals SnixAgxTe (x=0.1, 0.2, 0.3, and 0.4) were prepared by box furnace
and by hot press. The samples were fabricated by using high purity (99.999%) elements Sn,
Ag and Te to be calculated mole fraction. Prepared samples were loaded in and evacuated
quartz tube under high vacuum (~107 torr) by using rotary pump and diffusion pump. Then,
impurities (N2, O2, H20, etc.) were repeatedly purged by using the argon gas in quartz tube.

Afterward quartz tube was sealed to make quartz ample. The elements were heated at 950 C
for 12 hour in box furnace (Figure 4.1. (a)). Then, the melted samples were cooled to 550 C

for 40 hour and the samples is cooled to room temperature without impacting around. The

melted ingots were pulverized.

Figure 4.1 (a) Box furnace (b) Hot Press
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The melted ingots were pulverized by hand milling. The powders were sintered at 580 C

by hot press (Figure 4.1(b)) under pressure of 70MPa for 1 hour. As a result the samples of

Pellet form were obtained.
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(2) Seebeck Coefficient, electrical conductivity measurement

In order to measure Seebeck coefficient and resistance, the samples with cylinder shape
were produced as horizontal ~4mm, vertical ~4mm, and height ~9mm. The samples were
measured by using four point probe method by using the equipment (ULVAC, ZEM3) from
room temperature to 673K.

When the temperature difference occurs within a material, the electromotive force is
generated in a material. The generated voltage is measured by the measurement, and Seebeck
coefficient is calculated by difference temperature and voltage as following equation. Figure
4.2 is about equipment principle.

§ =X (Eq. 4.1)

| |
= —

Thermocouple A

Thermocouple B

Current
supply

Figure 4.2 ULVAC, ZEM3, Seebeck coefficient, resistivity measurement equipment.

Where Va is electromotive force, AT is temperature difference.

Four-probe method was used to measure the electrical resistivity in experiment. Contact
resistivity disappears by four probe method. Current is supplied as the outer two probes by a
current source; voltmeter measures the voltage across the inner two probes. Thus resistivity is

measured by method as following equation.

VA
IL

X

AV A
p=TX7 [2cm] (Eq. 4.2)

Where A is sample area, L is distance between the probe.
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2. Results and Discussion

(1) X-Ray Diffraction

In order to characterize SnixAgxTe (x=0.1, 0.2, 0.3, 0.4) of poly crystals, the samples is
measured by x-ray powder diffraction before hot press and after. Figure 4.3 shows the x-ray
diffraction (XRD) pattern for SnixAgxTe on room temperature and that peak shifted across
high angle with Ag-concentration. After hot pressing, AgTe peaks disappeared and SnTe peaks
shifted to high angle. The sharp peaks were changed to broad peaks by hot pressing (see in
inner Figure 4.3(b). Inner Figure 4.3 (b) show that peak positions after hot press shift between
SnTe peak and AgTe peak.

SnTe that has NaCl type crystal structure was reported by reference [21]. In addition,

Space group of tin telluride that has Cubic structure is Fm3m, such as AgTe [22].
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Figure 4.3 Powder XRD patterns of SnixAgxTe for x=0.1, 0.2, 0.3, 0.4. (a) Before hot press
XRD patterns (b) After hot press XRD patterns

As the analysis results, the lattice parameter of a-axis decreased with Ag-concentration in

Figure 4.4.
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1-x X

r m
6.26 - -
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Figure 4.4 The lattice constants with Ag doping concentration
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The lattice parameters (a) of samples with doping concentration has 6.2690 A (x=0.1),
6.2126 A (x=0.2), 6.1741 A (x=0.3), 6.1583 A (x=0.4). As a result, we suggest that SnTe and

AgTe were mixed by hot pressing at grain boundary. As with the results of mixing layer
system [17], with increasing Ag-concentration, the samples change lattice parameter by mixed

SnTe/AgTe.
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(2) Scanning electron microscopy and Energy Dispersive Spectroscopy

Scanning electron microscopy was used to confirm the image of the atomic surface and the
atomic percentage of the single crystal. Scanning electron microscope (SEM) is incident into
sample by the electron beam generated by the electron gun. At this time, a back-scattered
electron or secondary electron is emitted. These detected electrons are observed and analyzed
surface of the sample. Additionally, it is possible to examine the atomic percentage ratio using
Energy dispersive spectroscopy (EDS).

In order to confirm atomic composition with Ag-concentration, SnixAgxTe is measured by
SEM and EDS in Figure 4.5 and Table 4.1. Figure 4.5 also shows the EDS result, and the data
confirmed that the samples were composed by Sn, Ag, and Te. In addition, Table 4.1 indicates
atomic composition ratio. However, we noticed that Sample was fabricated less than amount
of planned Ag-concentration. Nevertheless, Ag concentration of the samples increased in

sample with Ag-concentration.
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Figure 4.5 SEM image and EDS results With Ag concentration

at% (Te reference ratio) Sn Ag Te
SnooAgo.iTe 46.08(0.9368) | 4.73(0.0961) | 49.19(1)
SnosAgo2Te 44.77(0.9384) | 7.53(0.1578) | 47.71(1)
Sno7AgosTe 40.84(0.8440) | 10.78(0.2228) | 48.39(1)
Sno.cAgoaTe 39.8(0.8325) | 12.39(0.2591) | 47.81(1)

Table 4.1 Atomic composition ratio with Ag-concentration
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(3) Seebeck coefficient
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Figure 4.6 Temperature dependent Seebeck coefficient with Ag doping

Figure 4.6 shows Seebeck coefficient of SnixAgxTe. The Seebeck coefficient of each
sample is positive value which means that dominant charge carrier is a hole. Overall, the
Seebeck coefficient decreased with increasing Ag- concentration. SnTe [15] at low temperature
had the low Seebeck coefficient. However, at high temperature, the Seebeck coefficient of Sni-
xAgxTe is lower than SnTe. Nonetheless, SnovAgo.iTe compound shows high Seebeck
coefficient of approximately 55 puV/K, at 673K. While the x=0.4 samples show low Seebeck
coefficient of approximately 36 uV/K at 673K. Nonetheless, Seebeck coefficient of all

samples is larger than reference sample.
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(4) Electrical conductivity
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Figure 4.7 Temperature dependent electrical conductivity

Figure 4.7 shows electrical conductivity of SnixAgxTe. SnTe [15] at high temperature
reported low electrical conductivity. However Ag-doped samples have larger electrical
conductivity than SnTe at the high temperature. In addition, at low temperature region, Sni-
xAgxTe is pretty similar to SnTe. Overall, with temperature, decreasing rate of electrical
conductivity of SnixAgxTe is lower than SnTe. In other words, electrical conductivity of SnTe
decreases rapidly with increasing temperature.

Similar to the results of mixing layer system [17], by doping and mixing (AgTe/SnTe),
electrical conductivity of the samples is well-maintained until high temperature. Because of
mixing phase (SnTe/AgTe) in grain boundary, the samples become more metallic than SnTe.

Thus, at high temperature, the samples have larger electrical conductivity than SnTe.
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(5) Power factor
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Figure 4.8 Temperature dependence of power factor from ~300K to ~700K

The power factors calculated from Seebeck coefficient and electrical conductivity with
various temperatures. The power factor of SnTe is 1.2 mW/mK?at 673K, and SnTe has higher
power factor than samples that contains Ag. In addition, with increasing Ag-concentration, the
power factors decrease along with Seebeck coefficient of the samples. Then, power factor of
SnTe is lower than SnixAgxTe at low temperature regions, however with increasing
temperature, Power factor of SnTe is increased gradually, besides SnTe has a better power
factor than all samples at 673K. Although the samples have high electrical conductivity due to

mixed two phases, Samples has lower power factor due to the low Seebeck coefficient.
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Chapter 5. Conclusion

(1)  We developed the measurement of the thermoelectric power in the temperature
range from 2K to 300K. Our equipment is composed of two heaters, two thermometer, chip
resistors, etc. Supplied heat by current source is provided temperature difference between
two thermometers. Temperature difference serves voltage difference by carriers of sample
and the difference is measured by voltmeter. By this time the Seebeck coefficient is
calculated by voltage and temperature difference. In addition, high density data is obtained
by two heaters that are operated by turn. The system is controlled by LabVIEW software.
In order to demonstrate this system, the results of Pt wire match with reference data
besides. The Seebeck coefficient is zero in superconducting state, so we used
CaioNax(PtsAss)(Fe2As2)s as superconductor. As a result, the estimated uncertainty of this
system from 77K t0300 K temperature ranges falls within a maximum of +1 pV K.
Superconducting transition temperature of CaioNax(Pt3sAss)(Fe2As2)s is about 37K, besides,
the Seebeck coefficient is zero below 37K in CaioNax(PtsAss)(Fe2As2)s. Thus, the
equipment is calculated by Seebeck coefficient of superconductor and Pt wire. In
conclusion, we demonstrated the equipment with superior performance through confirming

calculated data.

(2) Before hot pressing and after, XRD patterns of SnixAgxTe are changed from two
phases to mixed phase. Here, after hot pressing, we noticed that mixed phase is more
dominant than Ag-doping effect because Ag ionic radius and atomic radius is larger than
ionic radius of Sn. In addition, lattice parameter of mixed SnTe/AgTe is between lattice

parameter of SnTe and AgTe. By XRD analysis, we have confirmed that the samples are
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composed of mixed SnTe and AgTe. Ultimately, lattice parameter of AgTe expanded and
SnTe is decreased by mixed SnTe and AgTe.

Through electrical conductivity of the samples, we could confirm that electrical
conductivity of the samples is well-maintained until high temperature. For this reason, we
can suggest that the samples become more metallic than SnTe due to mixed phase
(SnTe/AgTe) at grain boundary.

Then, the Seebeck coefficient of the samples was decreased with increasing Ag-
concentration. Besides, the Seebeck coefficient of sample to include silver(x=0.1) is
approximately 55 pV/K. However, excluding low temperature region, the Seebeck
coefficient has lower value than SnTe. Similar to tendency of the Seebeck coefficient, the
power factors, which is calculated from Seebeck coefficient and electrical conductivity, is
decreased with increasing Ag-concentration. The power factor of sample to include
silver(x=0.1) has maximum value (1.1 mW/mK?) at 673K. However, SnTe has higher
power factor than Ag-included SnTe.

Nevertheless, by mixed two phases, high electrical conductivity of the samples is
kept until high temperature. Thus, we can carefully expect that sample to include mixed

phase obtain high electrical conductivity.
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