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ABSTRACT

We report on the study of (Bi1-yByS)n (Ti1-xAxS2)2

misfit layer sulfide as a novel

thermoelectric material. This research is motivated by the problem of availability of the
energy in the future as energy resources derived from fossil fuels will be reduced along
with the increasing demand for energy. Fossil fuel that is used as the primary energy in
daily lives will produce secondary energy, one third of which can be used to meet
demand but the rest is wasted, especially in the form of heat dissipated into air. It would
be better if the waste heat can be converted directly into electricity, so that it can be
used immediately and diminished human concern on the insufficient of energy.
Thermoelectric power generator is considered as a green solution for energy
recovery because this module can harvest waste heat and directly convert it into
electricity by utilizing the Seebeck effect. The thermoelectric material performance is
evaluated by the dimensionless figure of merit, ZT = S2σT/κ, where S, σ and

κ

are

Seebeck coefficient, electrical conductivity and thermal conductivity, respectively, at a
given absolute temperature, T. The thermoelectric energy conversion efficiency is a
function of ZT value and high ZT value results high energy conversion efficiency.
Therefore, to achieve high ZT value, Seebeck coefficient (S) and electrical conductivity
(σ) should be high simultaneously while the thermal conductivity (κ ) should be low.
In this research, we are focusing on n-type thermoelectric material which is
naturally abundant, non toxic, oxidation resistant and cost effective. TiS2 has shown its
potential as a promising thermoelectric material through its high power factor (

) at

room temperature. However, its TE performance is limited by its high thermal
conductivity (κ), so that the ZT value is not optimal. The intercalation of metal sulfide
(PbS, SnS, BiS) as a phonon barrier layer into the van der Waals gaps forming
(MS)1.2(TiS2)2 misfit layer sulfide has become an effective way in reducing the thermal
conductivity. However, reducing the thermal conductivity in this manner does not
increase the ZT value very much; electron transfer from BiS layers to TiS2 layers
increases the carrier concentration, largely increasing the electrical conductivity and
i

electronic thermal conductivity. As a result, the Seebeck coefficient decreases and the
power factor could not be optimized. Among these metal sulfides, we selected
(BiS)1.2(TiS2)2 misfit layer sulfide because this compound has the lowest lattice thermal
conductivity and has the highest potential to achieve a high ZT value if the carrier
concentration could be suitably controlled. We seek for the possibility to enhance the
thermoelectric performance of this material through reduction of carrier concentration
while maintaining the low lattice thermal conductivity.
We propose a strategy, so-called modulation/selective doping, by substituting an
acceptor dopant into the different lattice sites of (BiS)1.2(TiS2)2. First, we selected the
acceptor dopants from alkaline earth (AE) element (Mg, Ca, Sr). Magnesium (Mg2+)
substitutes the titanium (Ti4+) sites forming (BiS)1.2(Ti0.95Mg0.05S2)2 while strontium (Sr2+)
and calcium (Ca2+) for bismuth (Bi3+) sites forming (Bi0.9Sr0.1S)1.2(TiS2)2 and
(Bi0.9Sr0.1S)1.2(TiS2)2.
The samples were prepared by a solid-state reaction method and the
thermoelectric measurement was conducted in the direction perpendicular with the
pressure applied during densification (in-plane). The structural analysis by XRD shows
that the samples have a strong preference for an orientation with the c axis parallel to
the pressure and no substantial changes or secondary phases were observed after
doping. The alkaline earth (AE) elements substitution did reduce the carrier
concentration and electrical conductivity. However, the Seebeck coefficient decreased
slightly due to the decrease in effective mass of carrier electrons. As a result the power
factor is not optimal. We have confirmed that the formation of ordered structure in the
magnesium doped sample and the assumption of the alteration of incommensurate to
commensurate structure in the calcium and strontium doped samples led to an increase
in lattice thermal conductivity. The formation of structural ordering increases the phonon
mean free path, allowing the phonons to easily pass through the lattice, as a result the
lattice thermal conductivity is enhanced.
We continued to search for other promising dopants from the transition metal
(TM) elements (V, Cr, Mn, Fe, Co, Ni, Cu and Zn). These dopants substitute for titanium
(Ti4+) sites forming (BiS)1.2(Ti0.95TM0.05S2)2. The XPS measurement shows that all the
transition metal ions have been successfully substituted for Ti4+ in the TiS2 layers. All
ii

the transition metal substitution successfully reduced the carrier concentration, but we
lkm;discovered that only vanadium and chromium-doped sample led to a significant
increase in the Seebeck coefficient while the other TM doped samples decrease it. We
demonstrated that besides the reduction of carrier concentration, the enhancement in
the Seebeck coefficient of V and Cr-doped sample is due to the increase in the effective
mass of carriers. Though TiS2 is a narrow-band gap semiconductor, (BiS)1.2(TiS2)2
possibly becomes a semi-metal, due to the overlap of the broad band of the BiS sublayer and the band of the TiS2 sub-layer. Therefore, a reduction of carrier concentration
does not necessarily to increase the Seebeck coefficient, as has been shown in our
previous study of AE-doped (BiS)1.2(TiS2)2. However, in the case of V and Cr doping, the
low energy level of the doped element is possibly close to the Fermi level and therefore
forms a resonance state that can enhance the effective mass and improve the Seebeck
coefficient.
The power factor of all TM doped samples could not be improved as the
electrical properties could not be optimized. Electronic thermal conductivity was
significantly reduced due to the decrease in the electrical conductivity. The increase in
the lattice thermal conductivity is caused by the new structural ordering. This new
ordering occurs as a result of elimination of planar stacking faults present in the
undoped sample.
We realized that further investigation is needed to clarify the mechanism of the
increase of Seebeck coefficient in the chromium doped sample. The DFT calculation for
the (BiS)1.2(Ti0.9Cr0.1S2)2 sample confirms that the formation of additional resonant
states near Fermi level as a result of chromium doping, which can account for the
increase in effective mass. Moreover, the DOS near the Fermi level is mainly
contributed by the 3d orbital of Ti atoms near the Cr dopant. The electronic thermal
conductivity is significantly reduced due to the decrease in the electrical conductivity.
Consequently, the overall ZT value was measurably improved up to 0.3 at 750K.
We conclude that, a suitable dopant which can simultaneously induce additional
states around the Fermi level and limit the formation of order structure will significantly
enhance the thermoelectric properties (BiS)1.2(TiS2)2 misfit layer sulfide.
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Chapter I
Introduction
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Energy issues are becoming increasingly complex as the increase of need
in energy supply for the human life. The dependence of fossil fuels such as
petroleum, natural gas and coal as a primary energy resource has posed a
serious threat to the lives of living beings on earth. The threat is not only
because of the insufficient of this conventional energy but also its
consumption produces a large amount of greenhouse gases, e.g. CO 2,
which should be responsible for the continuously rising of the global
warming for decades. Therefore, the intensive development and direct
implementation of renewable fuels, e.g. wind power, solar cell, biomass,
geothermal energy and etc has attempted to solve energy problem.
Furthermore, various novel idea and techniques have also been
developed to recover and save the energy [1. 2].
The effort in saving energy by converting the waste heat into
electricity

using

thermoelectric

(TE)

power

generation

is

tremendously attractive. Large amount of heat is released into the
environment will be harvested and used directly. TE power generation is
constructed and compiled into a module by compactly arrangement of
n-type and p-type thermoelectric materials which are connected in series
as illustrated in Fig.1-1. This module is very promising for power
generation, especially as a heat recovery in vehicle, household and
industry.
In addition to power generation, thermoelectric can also be used as
refrigeration when the electric current is applied. It gives a significant value
for a micro scale electronic device manufacture, using as a portable
coolers for cooling electronic components and small instruments [3].
The thermoelectric has several advantages over the others technique:
1. No moving part or rotating part: maintenance-free and long service life.
2. Environmentally friendly: clean (no pollutant), silent operation, simple
construction and best suited for emergency power supply at disaster
area.
3

Fig. 1-1. Schematic images of thermoelectric module connected in series
(n-type and p-type elements).
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3. Flexible: small size, lightweight and best suited for powering mobile
systems and portable devices such as smart phone and personal
computer.
4. No scale merit: however little in amount of heat, it will be directly
converted into electricity.
In addition to the several advantages of thermoelectric mentioned
above, note that if the power of sunshine is insufficient then the
thermoelectric is more reliable for energy generation.
1.1. Thermoelectric phenomena
Thermoelectric is a physical phenomenon in science related to the
production of electrical potential from the temperature gradient and vice
versa. The thermoelectricity era began in 1821 after Thomas Johann
Seebeck discovered the deflection of compass needle if placed near the
closed-loop circuit made of two different metals with the junction
maintained at different temperature. Seebeck erroneously assumed that
this was a thermomagnetic effect. The development of thermoelectricity
continued with the finding of Jean Charles Anthanase Peltier in 1834 who
observed the opposite effect by passing a current through a series of
conductor. However, Peltier did not relate his discovery to the one made by
Seebeck 12 years earlier. In 1851, William Thomson (Lord Kelvin) found in
the homogeneous conductor will either absorb or reject heat resulting from
the flow of an electrical current in the present of a temperature gradient, as
so called Thomson effect [4].
In the following, these phenomena encompass three separately identified
effects: the Seebeck effect (1821), Peltier effect (1834) and Thomson
effect (1851) in the term of Kelvin relationship will be introduced.

5

1.1.1. Seebeck effect
. The Seebeck effect involves the generation of voltage in the present of
temperature difference in a device that consist of two different conducting
materials [5]. If the pair is connected through an electrical circuit, direct
current (DC) flows through that circuit. Fig. 1-2 shows in detail how the
Seebeck effect works. In an open circuit (Fig. 2a), when 2 conducting
materials A and B are kept across different temperature ( T ) at 2
junctions (a and b), the temperature gradient is present and the voltage will
be generated between the ends c and d ( V ). If the open ends c and d are
connected, electric current will generated and flow along the loop (Fig. 2b),
which can be expressed as follows:

E  S AB T


dv
dT
 S AB
dx
dx

------

S AB  

dV
dT

(1.1)

Where E is electric field (Vm-1), S A and S B are the absolute Seebeck
coefficient of conductor A and conductor B meanwhile S AB is the relative
Seebeck coefficient of the AB circuits in volts per degree temperature
difference( V / K ).
The Seebeck coefficient could be positive or negative corresponding
to a p-type and n-type material respectively. When heat is applied at one of
the junction (hot side), the majority charge carriers in the materials (holes
or electrons) have higher energies and velocities than charge carriers at
the other junction (cold side), as a result the charge carriers diffuse from
the hot side to the cold side, leaving their oppositely charge carriers at the
hot side and generate a thermoelectric voltage. This voltage develops and
opposing electric charge. The Seebeck coefficient is positive when the
direction of thermal current is the same as the direction of electric current
6

and the Seebeck is negative when the direction of thermal current is
opposite as the direction of electric current [6-8].

Fig. 1-2. Schematic illustration of the Seebeck effect. (a) Open circuit
(b) Closed circuit.
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1.1.2. Peltier effect
The Pertier effect is an inverse of Seebeck coefficient, as shown in Fig.
1-3a [6]. When the temperature gradient across a device of two different
conducting materials (A and B) is generated in the present of an electrical
current, the electric current that flows around the circuit results heat
absorption at one junction (b) and the rate of heating is dQ / dt . On the
other junction (a), the heat is rejected and the cooling rate is  dQ / dt . If the
direction of electric current is changed, the heat absorption or rejection at
the two junctions will reverse. The amount of heat absorbed and rejected
at a junction depends on the amount of current supplied ( I ), which can be
expressed as follows:

dQ
  AB I
dt

(1-2)

Where  AB is the Peltier coefficient of A-B circuit which has a unit of
Watt/A or in Volts.
The Pertier coefficient is positive when the electrical current flows in
the same direction as the thermal current. If the electrical current flows in
the opposite direction as the thermal current, the Peltier coefficient is
negative. In other words, p-type materials will have positive Peltier
coefficient and n-type material will have negative Peltier coefficient.
1.1.3. Thomson effect
The Thomson effect describes the rate of heating or cooling ( dQ / dt ) of a
single current-carrying conductor ( I ) resulted along a portion of dx with a
temperature gradient ( dT

dx

) as shown in Fig. 1-3 b [6]. Unlike the Peltier

effect, Thomson effect only occurs along single material. The Thomson
coefficient (  JT  can be expressed as follows:
8

Fig. 1-3 (a) Pertier effect (b) Thomson effect.
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dQ
dT
  JT  I 
dt
dx
(1-3)
The unit of Thomson coefficient is the same with unit of Seebeck
coefficient, V/K Thomson coefficient is positive when the current flows
from the hot side to the cold side and the heat is released. On the other
hand of a reversed current,  JT is negative and the heat is absorbed.
1.2. Dimensionless figure of merit (ZT) and energy conversion
efficiency
The potential of a material for thermoelectric application is evaluated by a
measure of the figure of merits, ZT.

ZT 

S 2



(1-4)

T

where S ,  and  are Seebeck coefficient, electrical conductivity and
thermal conductivity, respectively, at a given absolute temperature, T .
Achieving a material with a high ZT value, three parameters ( S ,  and  )
should be controlled where S and  should be large simultaneously
while  should be very low [9].  is the sum of electrical thermal
conductivity (  e ) and lattice thermal conductivity (  l ) ,    e   l .
However, these three parameters are related to one another and have
dependence on the carrier concentration ( n ), as shown in Fig.1-4a. The
increase in carrier concentration will lead to an increase in electrical
conductivity and decrease in Seebeck coefficient simultaneously.
The dependence of ZT value on the carrier concentration has been
proposed for a standard band type semi conductor and can be expresses
as follows [10.11]:
10

Z

S 2





m

*3

2



(1-5)



and

  n.e. 















where m * is the effective mass of carriers, e is electron charge and 
is carrier mobility. These parameters are also has the role for the increase
in ZT as follows:
1. The increase in effective mass of carriers ( m * ) will give rise to a larger
Seebeck coefficient ( S ).
2. Hall mobility of carrier should be optimized to obtain a large electrical
conductivity (  ).
3. On the other hands, keep maintaining low thermal conductivity is
crucial to achieve the optimal ZT value.
Finding a material which exhibits a high ZT value is always be a
challenge for thermoelectric researcher because ZT is a function of energy
conversion efficiency and the maximum efficiency ( max ) can be defined as
follows [12],

 max 

TH  TC

TH

1  ZT  1
T
1  ZT  c
TH

(1-7)

where TH is the temperature at the hot junction and TC is the temperature
at the surface being cooled. High ZT value will contribute to larger energy
conversion efficiency as illustrated in Fig. 1-4b.
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Fig. 1-4. (a) The relationship of Seebeck coefficient, S, electrical
conductivity,  and power factor, S 2 on the carrier
concentration, n (b) The conversion efficiency as a function of
dimensionless figure of merit, ZT.
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1.3. Thermoelectric materials
This is a great challenge in finding a high performance thermoelectric
material because since the discovery of thermoelectricity there has not
been much development in practical application due to poor material’s
performance. Various ways have been cultivated by researcher to optimize
the performance of thermoelectric materials. Many classes of promising
novel material has been investigated, some methods are modified to
understand their behavior and great effort are performed to improve their
thermoelectric properties. Recently, many new materials have been
discovered and studied by thermoelectric researcher, thus in this session
will be discussed in three categories of inter metallic, oxide and misfit layer
compound.
1.3.1. Intermetallic
The initial researchers were focused on the binary intermetallic
semiconductor system and its alloys that have high electrical conductivity.
However, it was found that the Seebeck coefficient in metal was low.
Moreover, a high electronic thermal conductivity due to the high electrical
conductivity which is related by Wiedemann-Franz law results in an
increase in total thermal conductivity.
Due to the strong dependency of thermoelectric properties on
temperature, the well-established thermoelectric material, bismuth telluride
(Bi2Te3) has a limitation in the practical operation. It was found to be
suitable for operation at a temperature ranges between 300-500 K [13.14]
Recent approaches the researchers focused on the ternary and
quaternary chalcogenides containing heavy atoms with low dimensional or
isotropic complex structures to get the merit of the large carrier effective
mass and low lattice thermal conductivity [15.16]. The germanium based
TAGS (Te-Ag-Ge-Sb) has considered to be more efficient but its high
sublimation rate and low temperature phase transition have found little use
13

[17].
The concept of introducing “guest” atoms into the void in the
skutterudites (partially filled) has greatly reduced the lattice thermal
conductivity of these compounds and resulted in improvement in TE
properties. The main aim in investigating partially filled skutterudites is
realizing an optimum carrier concentration (electron) while reducing the
thermal conductivity, thereby maximizing ZT value [18.19].
However, due to the strong dependency of thermoelectric properties
on temperature, intermetallic materials have limited capability in practical
application due to oxidation. Moreover, these materials generally consist of
hazardous elements which can be harmful to the environment.
1.3.2. Oxide.
Oxides have received little attention because of their strong ionic character
and low carrier mobility due to localized electron caused by a narrow
conduction band-width arising from weak orbital overlap. However, the
discovery of good thermoelectric properties of p-type NaCo2O4 has
inspired thermoelectric researchers to explore the potential of oxide as a
promising thermoelectric material [20.21]. Moreover, there are many
oxides with metal atom are stable at elevated temperature and show
electrical properties ranging from insulating to superconducting. Recently,
the current studies are focused on Co-based layer structure, crystallizing
in misfit (lattice mismatch) layer compound and constructing 3D
superlattice base nanocubes [22-24]. These approaches are carried out to
get the advantages on low thermal conductivity in oxides materials.
1.3.3. Misfit layer compound
Crystal symmetry and materials engineering approach in realizing good
thermoelectric material receive the most attention from TE researchers.
Understanding the superior properties of material and selecting the
14

strategies to improve its shortcomings are a huge challenge because in
complex materials there are many possible degrees of freedom.
Slack has described the chemical characteristic for good candidates
TE materials should be narrow bandgap semiconductor with high mobility
of carriers. In agreement with Slack, Mahan also added the typically
narrow bandgap semiconductor posses E g  0.25 eV and the mobility of
carriers,   2000 cm2/Vs at 300 K, while the lattice thermal conductivity
must be minimized. Since then, researchers followed the concept offered
by Slack to search TE materials with the electrical properties of a
crystalline material and the thermal properties of a glass-like material or
amorphous, known as phonon glass electron-crystal (PGEC) [25.26].
The dimensional approach (1D and 2D) proposed by Hicks and
Dresselhaus plays an important role in the electronic transport for a given
materials even it can change the system from metallic to semiconducting
behavior [27-29]. The low dimensional character of thin film structure (2D)
had given a significant improvement for the enhancement of ZT value in
Bi2Te3/Sb2Te3 superlattice. The enhancement is attributed to a creating a
nano-structured that is efficient for thermal insulation while maintaining
good electrical properties [30].
Recently, a novel material of dichalcogenide misfit layer compounds
(MS)x(TiS2)2 (M=Pb,Sn,Bi;1.18<x<1.2) proposed by Koumoto had
attracted a lot of attention because in addition to be a promising, this
material is eco-friendly which naturally abundant, non toxic and cost
effective [31-33]. Dichalcogenides misfit layer compounds posses a
composite structure made up of two sub lattices of MS and TS2 with
different chemical composition, unit cell and space group. The misfit or
incommensurate comes from periods along the direction of b axis so that
the geometries are different and lack of three dimensional periodicity.
This structure has been able to improve the thermoelectric
performance of (MS)x(TiS2)2 misfit layer sulfide by taking the advantage in
reducing the thermal conductivity. Figure 1-5 shows the ZT value as a

15

function of temperature of some thermoelectric materials known
nowadays.

Fig 1-5. The ZT value dependence on temperature of thermoelectric
materials [R. Funahashi, AIST].
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1.4. Aim and objectives
It have been reported that the series of transition-metal dichalcogenides
(MS)x(TiS2)2 misfit layer sulfides (M=Pb,Sn,Bi;1.18<x<1.2) could become a
promising thermoelectric materials. These compounds are constructed by
two layers TiS2 and one layer metal sulfide (PbS, SnS, BiS). TiS2 has
shown its potential as a promising thermoelectric material through its high
power factor ( S 2 ) at room temperature. However, its TE performance is
limited by its high thermal conductivity, so that the ZT value is not optimal.
The intercalation of MS layers had become an effective way of reducing
the thermal conductivity. However, reducing the thermal conductivity in this
manner led to an increase in carrier concentration due to electron transfer
from MS layers to the TiS2 layers, thereby increasing the electrical
conductivity and electronic thermal conductivity. As a result of this
phenomenon, the Seebeck coefficient decreases and the power factor
cannot be optimized; moreover, the total thermal conductivity is not
sufficiently suppressed.
In this study, we are focusing in the (BiS)1.2(TiS2)2 misfit layer sulfide
because among the three metal sulfide, BiS most effectively reduced the
thermal conductivity, especially the lowest lattice thermal conductivity. The
formation of disorder structure and the planar stacking faults in the
(BiS)1.2(TiS2)2 results in the low lattice thermal conductivity. Moreover, the
mobility of carriers in this compound did not change.
The aim of this study is to enhance the thermoelectric properties of
(BiS)1.2(TiS2)2 misfit layer sulfide, particularly improving the electrical
properties by taking the merits of very low lattice thermal conductivity and
no change in their carrier mobility. The strategy to enhance the electrical
properties is by doping low valency dopants, as so called the modulation
or selective doping. To achieve this challenging goal, a number of key
objective have been defined as follows:
1. To determine which sites in each layer will be doped by the dopants.
2. To search appropriate dopants which are doped into the host atom in
the TiS2 layer or in the BiS layer.
3. To verify most favorable doping amount (wt %) of each dopant.
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1.5. (BiS)1.2(TiS2)2 misfit layer sulfides
1.5.1. Crystal structure
Misfit layer chalcogenides (MX)p(TX2)n (1.08<p<1.23; n=1-3) have layer
structure which constructed by alternately stacking of double layer MX (M=
Sn, Pb, Sb, Bi, rare earth metals; X= S, Se) and TX2 slabs(T= Ti, V, Nb, Ta,
Cr). The MX slab has a pseudo-tetragonal symmetry and consist of
distorted rock-salt structure [34]. The TX2 slab in which the transition metal
T is surrounded by chalcogen atoms, either in octahedral coordination (T=
Ti, V, Cr) or in trigonal prismatic coordination (T= Nb, Ta). Misfit
(incommensurate)

behavior

arises

from

the

non-coincidence

of

periodicities between the two distinct sets, along the crystallographic
direction at least one direction, which means that bTM ≠ b(TX2) while the
periodicities along a and c directions are identical; c was selected as the
stacking direction. The ratio of MX to (TX2)n, is determined by the ratio of
the b axes of the two sub systems and the length ratio is found to vary
between 1.56 and 1.85 [35]. The simple diagram is illustrated in Fig. 1-6.

Fig 1-6. The structure of (MS)n (TX2) given as the building units MS and
TX2.
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(BiS)1.2(TiS2)2 is one of the misfit layer chalcogenide group which
have been reported as a promising thermoelectric material [2.31]. It
composed of two layers TiS2 and one layer BiS with a regular arrangement
where TiS2 layer has a role as an electron transmitting and BiS layer as a
phonon blocking, as shown in Fig. 1-7.

Fig 1-7. The structure of (BiS)1.2 (TiS2)2 misfit layer sulfide.
Titanium disulfide TiS2 belongs to a wide group of d-metal
dichalcogenides MX2 layer structure (M=metal and X= S or Se). The
structure of TiS2 consists of packed S-Ti-S molecular layers; inside the
layers are bonded by strong covalent interaction and between the layers
are linked by weak van der Waals interaction. In the van der Waals gap,
some Lewis bases (organic or inorganic) can be intercalated [36.37].
TiS2 has two polytypes; 1T and 2H. 1T is the most stable polytypes
with P3m1 symmetry group where Ti atom is surrounded by sulfur atoms in
octahedral coordination. 2H is the metastable polytypes with C6/mmc
symmetry group that consist of conjugated trigonal prisms as shown in Fig.
1-8.
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TiS2 crystal is a semimetal due to the overlap between the S p and Ti
d bands near the Fermi level with the band gap energy is 1.65 eV.
However, the monolayer of TiS2 falls into semiconductor with the band gap
energy is 0.2-0.3 eV. The transition from semiconductor to metal-like state
occurs for a plate of more than ten molecular layers.
1.5.2. Previous research on (BiS)1.2(TiS2)2 misfit layer sulfide
A series of study on the TiS2 for thermoelectric material has become a
topic of interest for thermoelectric researchers in recent years. Its
promising electrical properties have driven a comprehensive study on how
to optimize all thermoelectric parameters in TiS2 compound. It has been
reported by Imai that nearly stoichiometric TiS2 posses a high power factor
( S 2 ) at room temperature [38]. However, its TE performance is limited by
its high thermal conductivity, so that the ZT value is not optimal. Since then,
much research has focused on how to reduce high thermal conductivity
without degrading high power factor.
Intercalation of BiS in the van der Waals gap between the TiS 2 layers
forming (BiS)1.2(TiS2)2 have effectively reduced thermal conductivity and
even contributed to an ultralow lattice thermal conductivity at higher
temperature [31.32]. The formations of large density planar interfaces,
which are only a few unit cells apart, had caused the phonon confinement
or phonon localization behavior. However, reducing the thermal
conductivity in this manner does not increase the value of ZT; electron
transfer from BiS layers to the TiS2 layers increases the carrier
concentration, thereby increasing the electrical conductivity and electronic
thermal conductivity. As a result of this phenomenon, the Seebeck
coefficient decreases and the power factor cannot be optimized; moreover,
the total thermal conductivity is not sufficiently suppressed.
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Fig 1-8. The structure of 1T- and 2H-TiS2 phases molecular layer.
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Chapter II
Measurements and Characterizations of
Thermoelectric Material
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Thermoelectric properties are evaluated based on three parameters: the
Seebeck coefficient, electrical conductivity and thermal conductivity. These
parameters were measured to clarify the potential of misfit layer sulfide as
a novel thermoelectric material [1]. Therefore, thermoelectric properties
measurements were conducted in this study are electrical conductivity,
Seebeck coefficient, thermal diffusivity, specific heat capacity, sound
velocity, Hall mobility and carrier concentration. The structural analysis and
morphology observation are also carried out as SEM and TEM to clarify
the crystal structure, phase composition, shape, size and the layer
orientation of the samples. The other measurement is X-ray photo
spectroscopy (XPS) to determine the ionic state of each dopant in the
samples.
In this chapter, the relevant measurement of thermoelectric
properties, structural analysis, morphology observation including methods
of measurement will be discussed in detail.
2.1. Structural analysis and morphology observation.
The structural analysis was based on the X-ray diffraction (XRD)
measurement. The measurement was conducted for powder and pellet
samples. The powder samples were ground and sieved (grain size is less
than 10 µm), and then were pressed into the glass sample holder with
another piece of glass sample holder gently. The pellet samples were cut
and polished with sandpaper smoothly. The measurement for pellet
samples were conducted in the direction perpendicular with the pressure
applied during sintering process. The XRD measurement is carried out on
a 2.5 kW (50 KV, 50 mA) Rint2100 diffractometer (Rigaku Co. Japan). The
main parameter of measurement condition was set as 30 kV, 40 mA and
the X-ray source is copper (Cu Kα:λ= 1.5418Å).
The morphology observation was carried out by SEM and TEM. SEM
observation is aimed to determine shape and size of the powder samples
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and layer orientation in the pellet samples. The powder samples were
observed from the fine power after sintering. The pellet samples were
observed in direction perpendicular with the pressure applied during
sintering. TEM observation was carried out in for the pellet samples to
examine the layer structure in the samples. The direction perpendicular
with the pressure applied during sintering. The pellet was polished
smoothly using sandpaper into a thin pellet (thickness ~ 80 µm). The final
form such as wafer as follows: 2 layers silicon glass, 1 layer thin sample
and 2 layers silicon glass. The surface of the wafer sample which will be
observed was polished smoothly and shiny with diamond paste (diamond
paste based water solution 1 µm). The molybdenum ring was posted
carefully on the shiny surface where the thin sample was exactly in the
middle of the ring. The final shape of the wafer sample is shown in Fig.
2-1.

Fig. 2-2. The final shape of the wafer sample for TEM observation.

2.2. Ionic state analysis
XPS measurement was performed to analyze the ionic state of all dopants.
The bulk samples were cut and the surface perpendicular with the
pressure applied during sintering polished smoothly with diamond paste
(diamond paste based water solution 1 µm). The glossy surface was wiped
with ethanol and dried with a dryer, and then sample was placed in a
holder. The measurement conditions were set as; 10 kV, 10 mA with and
28

the X-ray source is aluminum (Al Kα:λ= 8.3386Å).
2.3. Electrical conductivity
Electrical conductivity,  is a measure how well a material accommodates
the transport of an electric charge [2]. Its SI derived unit is the Siemens per
meter (A2s3m−3kg−1) (named after Werner von Siemens) or, more simply,
Sm−1 and is defined as the reciprocal value of the resistance  as follows:
(2-1)
while
(2-2)
and
(2-3)
so
(2-4)

where

is the electrical resistance (ohms,  ),

is the cross section

area of the specimen (square meters, m 2), is the distance between the 2
probes (meters, m),
V),

is the voltage difference across the probes (volts,

is the current (Ampere, A), J is the current density (Ampere per

square meter, A/m2) and E is the electrical field (volts per meter, V/m)
respectively [3].
In the misfit layer sulfide, a negative value of Seebeck coefficient
shows that the main carriers is electron and the density of electrons,
extremely larger than that of the holes,
x1x

⇒

is

, so
(2-5)

and
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(2-6)
thus
(2-7)
Where

is the carrier concentration (cm-3),

is the drift velocity and

is the electron charge,

is the carrier mobility (m2/Vs).

The following equation is referred to the band theory where

can be

represented as follows:
(2-8)
where
bottom,

and

are the energy level of the conduction band top and

is the density of states and

is the function of carrier

distribution. For an n-type misfit layer sulfide degenerate semi conductor
which has large carrier concentrations

~ 1021,

is evaluated with the

equation below.

(2-9)

where
(2-10)
and
(2-11)

Fermi level is affected by the doping density, temperature and
material compositions whereas the carrier concentration is determined by
material, doping method and temperature. The carrier concentration can
be determined experimentally by using Hall effects measurement as well
as the type of carrier and the mobility of carrier simultaneously.
The experimental setting of electrical conductivity is simply illustrated
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in

Fig

2-2,

where

the

Seebeck

coefficient

can

be

measured

simultaneously.
The measurement of electrical conductivity was carried out by using 4
probe methods [4-6]. In this method the measurement technique used two
outer probes and 2 inner probes; outer probe is used to introduce a fixed
current into the sample while inner probe measured the voltage produced.
The advantages of this technique are:
1. The separate probe for current and voltage will eliminate the
electrical contact resistance because negligible current pass
through the voltage probes.
2. If the voltage probes are place close each other and far from the
current probes, the uniform current flows between the voltage
probes can be attained.

Fig. 2-2. Schematic illustration of experimental setting for electrical
conductivity (a DC four probe method) and Seebeck coefficient
(a steady state method) measurement.
2.4. Seebeeck Coefficient
TiS2-based misfit layer sulfides possess high carrier concentration, so that
the distribution of carrier obeys the Fermi distribution function. Culler and
Mott derive the Seebeck coefficient in this formalism
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(2-12)
In the system in which the Fermi statistics are degenerate such as
metal and degenerately doped semiconductor, the Seebeck coefficient
and the Fermi integral can be define as:
(2-13)
(2-14)
where

is the Boltzman constant (1.381x10-23 J/K) and

is the electric

charge (1.602x10-19 C).
Fig. 2-2 also includes the schematic illustration of seebeck coefficient
measurement. The measurement is carried out in the steady state method
which is defined as:
(2-15)
where

is the thermo power of the sample,

thermo power of the circuit made of sample and Pt probe and

is the
is the

thermo power of the Pt probe, respectively.
In the measurement system, the value of

at varies temperature

are already known whereas the

can be obtained as describe in

equation 2.13. Subsequently,

value can be obtained from the

voltage and temperature differences across the cold and hot end.
Therefore, the observed value of

can be describe as
(2-16)

In the measurement system, the practical value was sampled 5 times
within a temperature difference range of 2~15 K, then a statistic value of
the sample was calculated.
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The sample typically rectangular with the dimension is about 2 mm x
2 mm x 6 mm. The surfaces of the sample in contact with Pt probe should
be sputtered with a thin Au for a better contact between the sample and
the 4 Pt probes.
2.5. Thermal conductivity
Thermal conductivity  is a measure of the ability of a material to transfer
heat [10]. The tensor of thermal conductivity in the thermoelectric materials
can be represented as the sum of thermal conductivity of current carrier,

 electronic (  e ) and the contribution of phonon transport or lattice thermal
conductivity,  lattice (  l ).

 total   e   l

(2-17)

 electronic can be expressed by the law of Wiedemann-Franz as follow:
 e  L0    T

(2-18)

where Lo is the Lorentz number (2.44x10-8 WΩK-2),  is the electrical
conductivity (Scm-1) and T is temperature (K). The value of Lo depends
on the energy spectrum model, scattering mechanism and the degree of
degeneracy, thus define as:
(2-19)
where

,

,

, are the Fermi integrals, s=0, for acoustic phonon

scattering, s=1 for optic phonon scattering, s=2 for impurity ion scattering
and

is chemical potential of current carriers (

). With strong

degeneracy,
(2-20)
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The Fermi integral value were obtain from the measured

from equation

2-13 and 2-14.
In the present experiment, the value of  was obtained by using the
following equation:

     C p

(2-20)

Where  is the observed density of the sample (g/cm3),  is the thermal
diffusivity (cm2/s) and C p is the specific heat capacity (J/gK).
The observed density was simply calculated by using weight and
volume, thermal diffusivity was measured with a laser flash method and
C p was determined by using a differential scanning calorimeter.

2.5.1. Thermal diffusivity
Laser flash method is the most popular method for measuring thermal
conductivity in the solid [11]. The measurement used a pellet samples
which were cut and polished into a square shape with the dimensions of ~
1 mm (thickness) x ~ 6 mm (width), then one side of the surface was
sprayed with liquid carbon (colloidal carbon in 44% in isopropyl alcohol)
and dried. The surface of the sample with no carbon sprayed was
subjected to a very short pulse of heat from a laser. The resulting
temperature rise on the back surface of the sample is recorded by a chart
recorder. The value of  can be expressed as:
(2-22)

where

is the thickness of the samples (mm) and

is the half-time of

the surface opposing the laser incidence direction to reach the maximum
temperature increase
from the laser source and

after the absorption of the heat supplies
can be expressed as
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(2-23)

Where

is the heat of the sample absorbed from each laser pulse as

shown in Fig. 2-3.

Fig. 2-3. Shematic illustration experiment setting for thermal diffusivity
(a laser flash method) measurement.
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2.5.2. Specific heat capacity
The measurement of C p was carried out using differential scanning
calorimeter (DSC). A piece of sample (~ 0.4 mm (thickness) x ~ 3 mm
(diameter)) was sealed in a set of Al pans. A piece of sapphire (~14.3 mg)
which has a well-define heat capacity was also sealed in a set of Al pans
and used as a reference over the range of temperature to be observed.
During the heating process, the sample and the sapphire are placed
separately in a small chamber. The DSC system measures the difference
amount of heat required to increase the temperature of a samples and
reference as a function of temperature. Both the sample and reference are
maintained at nearly the same temperature throughout the experiment.
2.6. Hall effects
The Van der Pauw method is a technique commonly used to measure the
resistivity and the hall coefficient of the samples, so that several following
properties can also be calculated as:
1. The doping type of the current carrier (n-type or p-type).
2. The sheet carrier density (carrier concentration/unit area).
3. The mobility of current carrier.
When a charge particle, such as an electron is placed in a magnetic
field, it experiences a Lorentz force proportional to the strength of the field
and the velocity at which it is travelling through it. The strongest force will
occur when the direction of motion is perpendicular to the direction of the
magnetic field [9].
(2-24)
where

is the charge on the particle (Coulomb, C),

particles (cm/s) and

is velocity of the

is the strength of magnetic field (Wb/cm2).

Then, a current is applied to a piece of semiconducting materials will result
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a steady flow of electrons though the materials. Therefore, the velocity of
electrons can define as:
(2-25)
where

is the electron density,

materials and

is the cross-section area of the

is the electronic charge.

When an external magnetic field is applied perpendicular to the
direction of current movement, the resulting Lorentz force will cause the
accumulation of electrons at one surface of the sample. This accumulation
will create an electric field across the material due to the uneven
distribution of charge and lead to a potential difference across the material,
known as Hall voltage (

). The magnitude of Hall voltage can be defined

as:
(2-26)
(2-27)
so:
(2-28)
where
and

is the density of electrons,

is the sheet density of electrons

is the depth of the material.

The resistivity ( ) in the semiconductor materials can be shown to be:
(2-29)

and
where

,

,

(2-30)
and

are the doping level, mobility of the majority

carrier, sheet density and sheet resistance respectively. Therefore, the Hall
37

mobility can be express as:
(2-31)
The resistance measurement is carried out without the magnetic field
applied to the sample and determined using Ohm’s law. As shown in Fig.
2-4, the sheet resistance can be express as:
(2-32)
Here, the sheet resistance is situated into two directions as:
and

(2-33)

Then the Van der Pauw formula becomes
(2-34)
where

is the thickness of the sample.

If the samples possesses a line of symmetry where

then

can be easily found as:
(2-35)
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Fig 2-4. Schematic illustration of the sample for Hall effects measureme

In this experiment, Hall effect measurement was carried out using the
ResiTest8300 (Toyo Tech.Co.:)at room temperature. The sample was cut
and polished into the dimension of ~ 10 mm (diameter) x ~ 80  m
(thickness). The surface of the sample was then applied with an Au
sputtering for better contact between the surface of the sample and the
four probes. The Au sputtering areas were pointed out in the yellow color
as shown in Fig 2-4.
2.7. Sound velocity
Sound velocity is a distance travelled by a sound wave during a unit of
time propagating through an elastic medium. In solids, waves propagate
as two types. First, a longitudinal wave ( V L ) is associated with
compression and de compression in the direction of travel. Second, a
transverse wave ( VT ) is due to elastic deformation of the medium [10]. In
the misfit layer sulfide, transverse wave has 2 modes or polarizations, first
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is VT 1 ; the elastic deformation of the medium perpendicular to the direction
of wave travel (along y and z axis), second is VT 2 ; the elastic deformation
of the medium parallel to the direction of wave travel (along x and y axis).
V L is mainly influenced by Influenced by chemical bonding and the

density, VT 1 is mainly determined by interlayer bonding while VT 2 is
mainly determined by intralayer bonding [11]. The illustration as shown in
Fig. 2-5.
Sound velocity measurement was carried out to examine the phonon
mean free path ( ) of the samples as follow:
(2-36)
where
(nm) and

is specific heat capacity (J/gK),

is phonon mean free path

is sound velocity (m/s).

Fig 2-5. Schematic illustration of the sample for sound velocity
measurement.

The sound velocity measurement is conducted by using the
ultrasonic pulse–echo method (Model 5800 PR, Olympus) at room
temperature. The input attent, output attent and voltage gain were set at
30 dB, 9 dB and 40 dB, respectively.
The surface of the samples was polished smoothly. For V L
measurement the surface of the samples was smeared with the couplant B
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whereas the VT with the couplant SWC. The sound velocity V

is

determined by the equation as follows:
(2-37)
where

is the thickness of the samples (m) and

is the time difference

between 2 peaks of the observed waves (s), as shown in Fig. 2-6.

Fig 2-6. The schematic illustration of the signal in sound velocity
measurement.
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Chapter III

Effects of Alkaline Earth Doping
on The Thermoelectric Properties of
(BiS)1.2(TiS2)2 Misfit Layer Sulfide

44

3.1. Preface
The increasing worldwide energy demand has attracted a great deal
of attention and consideration for the future of humankind. One of the
solutions to this problem is to reduce energy waste by recycling it into
usable energy. Thermoelectric materials provide an effective loophole for
this problem because they can convert thermal energy into electric by
utilizing the Seebeck effect [1]. Thermoelectric materials are evaluated by
the dimensionless figure of merit, ZT = S2σT/κ, where S, σ, and κ are
Seebeck coefficient, electrical conductivity, and thermal conductivity,
respectively, at a given absolute temperature, T [2]. Higher ZT gives rise to
higher thermoelectric conversion efficiency.
The (BiS)1.2(TiS2)2 misfit layer sulfide has been reported as a
promising thermoelectric material [2]. It was constructed by alternately
stacking CdI2 type TiS2 trigonal, anti-prismatic layers and distorted,
rock-salt type of BiS layers [3–5]. In the (BiS)1.2(TiS2)2 misfit layer sulfide,
titanium disulfide is a host layer where the electron transport occurs, and
bismuth sulfide serves as a phonon barrier layer, which scatters the
phonons and blocks the heat transport both along and across the host
layers [6]. Titanium disulfide is known to possess a large power factor
(S2/ρ), but its high thermal conductivity limits its TE performance, due to a
rather low ZT value at room temperature [7]. In order to increase ZT,
thermal conductivity must be reduced without degrading the high power
factor, for instance by intercalating bismuth sulfide (BiS) into the van der
Waals gap. The intercalation of BiS layer in the van der Waals gap of TiS2
successfully reduced thermal conductivity and even contributed to an
ultralow lattice thermal conductivity at higher temperature. However, the
decrease in the thermal conductivity also increases electrical conductivity
too much, because electron transfer from BiS to TiS2 layers increases the
carrier concentration. Although the lattice thermal conductivity can be
reduced dramatically by intercalation, increased carrier concentration
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leads to larger electronic thermal conductivity and suppresses the
reduction of total thermal conductivity. As a result, both the Seebeck
coefficient and the power factor decrease [8].
Accordingly, we attempt in the present study to decrease the carrier
concentration by doping electron acceptors in two different ways: either by
substituting magnesium (Mg2+) for titanium (Ti4+) in the host layers, forming
(BiS)1.2(MgxTi1-xS2)2, or else calcium (Ca2+) and strontium — for bismuth
(Bi3+) in the phonon barrier layers, forming (Bi1-x(Ca,Sr)xS)1.2(TiS2)2.
3.2. Experimental procedure
The samples were prepared by a solid-state reaction method [9] and the
flow chart of the experimental procedure is shown in Fig. 3-1. Elementary
titanium (99.9 wt %), magnesium sulfide (99.5 wt %), bismuth (99.95 wt %),
calcium sulfide (99.5 wt %), strontium sulfide (99 wt %) and sulfur (99.99
wt %) were used as starting materials. The samples with corresponding
starting materials were weighted according to the stoichiometric ratio and
the target composition is shown in the table 3-1. The chemical powders
were put in the sealed bottle and mixed for two hours in the milling
machine. The powder was mounted and then sealed in an evacuated silica
tube with a length of ~15 cm outer diameter ~15 mm and inner diameter 13
mm. The powder in the sealed silica tube was fired in the furnace; the
heating program as shown in Fig 3-2. The resultant powders were grinded
and sieved with the sieved size of 212 µm. the Spark Plasma Sintering
(SPS) was carried out to compact the powder into pellet. The powder
sample (~5.5 gram) was mounted to the carbon die with the diameter size
of 15 mm. The temperature and pressure program of SPS are shown in
the Fig. 3-3 including with the final shape and size of the pellet. The
relative density of all pellet were higher than 95 % of the theoretical values
and thermoelectric measurements were carried out in the directions
perpendicular to the pressure applied during sintering.
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Fig.3-1. Flow chart of the experimental procedure for (BiS)1.2(TiS2)2 doped
samples.

Fig. 3-2. The sintering temperature program of furnace for fabrication of
the samples.
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Fig. 3-3. The temperature and pressure program of spark plasma sintering
(SPS) for densification of the samples.

3.3. Results and discussion
3.3.1. Morphology observation and structural analysis
The morphology observation was carried out by SEM for powder and
pellet samples. Fig. 3-4 shows the powder samples have plate-like shape
particles with the average size of 5-10 µm whereas the pellet samples
have well align particles. The pellet shows that the samples are dense and
the relative density is over 96%.
The measurement of XRD was carried out for the resultant powder
and the pellet. The XRD patterns of the powder and the surface of the
pellet perpendicular to the pressing direction are shown in Fig. 3-5.
Several strong peaks are all related to a set of planes (0 0 l) perpendicular
to the c-axis. The XRD patterns of the doped misfit layer sulfides with
different doping amount matched well with that of (BiS)1.2(TiS2)2, indicating
that the doped misfit layer sulfide have a crystal structure similar to
(BiS)1.2(TiS2)2 [10]. Moreover, the substitution of Mg2+ into the Ti4+ site or
Ca2+ and Sr2+ into the Bi3+ site results in a slight shift of (006) peak due to
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Fig. 3-4. SEM images of the powder and pellet samples
(a) (BiS)1.2(Mg0.05Ti0.95S2)2 (b) (Bi0.9Sr0.1S)1.2(TiS2)2
(c)(Bi0.9Ca0.1S)1.2(TiS2)2.
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the difference in the ionic radii of calcium, strontium, magnesium and the
corresponding host atoms, bismuth and titanium.
All values of lattice parameter c were calculated from the XRD data.
The calcium substitution into the bismuth site decreased the lattice
parameter c, because the calcium ionic radius (Ca2+:1.14 pm) is smaller
than bismuth ionic radius (Bi3+:1.17 pm). The lattice shrinks and the layers
get closer to each other [11.12]. However, magnesium and strontium
substitution increased the lattice parameter c, because the magnesium
ionic radius (Mg2+:72 pm) is larger than titanium ionic radius (Ti4+:60.5 pm),
and the strontium ionic radius (Sr2+:1.32 pm) is larger than bismuth ionic
radius, and as a result the layer spacing widens are shown in Fig. 3-5.

Fig. 3-5. XRD patterns of pellet samples and the lattice spacing (c) of each
sample.
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3.3.2. Thermoelectric properties
The measurement of thermoelectric parameters (  , S ,  ) were carried out
at the temperature range of 300-750 K.
3.3.2.1. Electrical conductivity
The decrease in electrical conductivity with increasing temperature over
the whole temperature range indicates that all compounds are metallic
conductors [13]. As described previously in chapter I that TiS2 possess
semi conductor behavior if the layers are less than 10 layers but if more
will be conductor. Fig. 3-6 shows that calcium, strontium, and magnesium
doping all decreased electrical conductivity of (BiS)1.2(TiS2)2.
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Fig.3-6. Electrical conductivity of alkaline earth doped samples.
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Table 3-1. Carrier concentration, Hall mobility, and effective mass of
(BiS)1.2(TiS2)2,
(Bi0.9Ca0.1S)1.2(TiS2)2
(Bi0.9Sr0.1S)1.2(TiS2)2,
and
(BiS)1.2(Mg0,05Ti0.95S2)2 at room temperature.
Sample

Carrier
concentration/cm3

(BiS)1.2(TiS2)

4.75×10

(Bi0.9Ca0.1S)1.2(TiS2)2

4.13×10

(Bi0.9Sr0.1S)1.2(TiS2)2

3.22×10

(BiS)1.2(Mg0.05Ti0.95S2)2

4.08×10

21
21
21
21

Hall
Effective
mobility
mass
2
(cm /Vm)
5.7mo
3.3
3.1

4.8mo

3.1

3.5mo

2.8

4.5mo

Hall effects measurement was carried out to examine the type of
carrier (electron or hole) and the number of carrier in the samples at room
temperature. The results demonstrated that electrons were the main
carriers and the number of carrier are listed in table 3-1 followed by hall
mobility data. The decrease in carrier concentration due to calcium,
strontium and magnesium substitution are consistent with respect to
electrical conductivity. (BiS)1.2(TiS2)2 misfit layer sulfide has a high carrier
concentration due to the electron transfer from the phonon barrier layers,
(BiS), to the host layers, (TiS2). This electron transfer will determine the
overall stability of its layer structure [14.15]. In (BiS)1.2(TiS2)2, 0.41 e/Ti
atom fills the t2g conduction band of the two TiS2 layers, and the decrease
in electron carriers due to the substitution leads to the decrease in band
filling

as

follows:

0.35

e/Ti

((Bi0.9Ca0.1S)1.2(TiS2)2),

0.32

e/Ti

((Bi0.9Sr0.1S)1.2(TiS2)2), and 0.34 e/Ti ((BiS)1.2(Mg0.05Ti0.95S2)2). This
shows that the interaction between the host layers, (TiS2), and the phonon
barrier layers, (BiS), forms the conduction electron in the TiS2 layers and
that the BiS layers may not contribute to electrical conduction [16]. The
magnesium doping decreased the mobility, possibly due to the magnesium
atoms disturbing the conduction paths in TiS2 layers. In contrast, the
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mobility remained unchanged in the case of calcium and strontium doping,
because the BiS layer had a much smaller effect on scattering the
conduction electrons [16].
3.3.2.2. Seebeck coefficient
The negative values of the Seebeck coefficient found for all the
samples in the present temperature range show that the main charge
carriers are electrons, in agreement with the Hall measurements. The
doping of calcium and strontium for the bismuth site and magnesium for
the titanium site decreased the Seebeck coefficient slightly, in spite of the
decrease in carrier concentration possibly due to the decrease in carrier
effective mass as shown in Fig. 3-7 and Fig. 3-8.
The density of states (DOS) effective mass of the carriers was
calculated using the following equation for a metal or a degenerate
semiconductor [17].
8 2 k B2 *   
S
m T 
3eh 2
 3n 

2/3

(3-1)

where n is the carrier concentration, m * the effective mass of the carrier,

kB

Boltzmann

constant

(1.381×10-23

J/K), h

Plank

constant

(6.626×10-34 m2 kg/s), e electron charge (1.602×10-19 C) and T is
temperature (K).
The carrier mobility and the effective mass depend on the electronic
structure,

scattering

mechanism,

and

structural

anisotropy.

In

(BiS)1.2(TiS2)2, the host layer (TiS2) possesses a narrow band gap with a
strong covalent bond, and behaves as a metallic conductor at all
temperatures [18]. By intercalating the phonon barrier layers, (BiS), and
forming (BiS)1.2(TiS2)2, mobility is decreased mostly due to the increase in
effective mass [19].
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The alkaline earth doping into different layers, magnesium into TiS2
and calcium and strontium into BiS also has an effect on the mobility and
effective mass as shown in Table 3-1. The doping decreased the effective
mass, which must be due to the change in the electronic structure upon
doping [16].
Since the electrical conductivity and Seebeck coefficient decreased
due to the doping, the power factor also decreased overall, as shown in
Fig 3-9.
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Fig. 3-9. Power factor of alkaline earth doped samples.

3.3.2.3. Thermal conductivity
The total thermal conductivity (  ) can be expressed by the sum of the
electronic thermal conductivity (  e ) and the lattice thermal conductivity
(  l ) as    e   l . We can estimate  e from the Wiedemann–Franz law,
55

 e    L   , where L is the Lorentz number, 2.44×10-8 J-2C-2K-2 for free
electrons [20]. Fig. 3-10(a) shows that the decrease in electrical
conductivity significantly contributed to the decrease in electronic thermal
conductivity (  e ). Note that electronic thermal conductivity contributes
greatly to the total thermal conductivity of BiS(TiS2)2. However, by doping
either Mg2+ into the TiS2 layers or Ca2+ into the BiS layers, we increase the
thermal conductivity. On the other hands, doping Sr2+ into the BiS layers
decrease the thermal conductivity, as shown in Fig. 3-10(a).
The phonon barrier layers, BiS, inserted into van der Waals gaps in
TiS2, enhance phonon scattering and significantly reduce the lattice
thermal conductivity (  l ). However, after doping lattice thermal
conductivity also increased (Fig. 3-10(b)), although the contribution of
electronic thermal conductivity decreased. We assumed that calcium and
strontium doping may be responsible for the lattice matching along the
b-axis and finally lead to the so-called “commensurate structure” [11]. In a
commensurate structure, the phonon transport through the lattice has little
scattering, since lattice mismatching between host layers and phonon
barrier layers is eliminated as shown in simple illustration in Fig 3-11. In
contrast, as shown in Fig. 3-12, magnesium substitution induced structural
ordering through the elimination of planar stacking faults. The resulting
ordered structure should have weaker phonon scattering compared to the
disordered BiS(TiS2)2 with planar stacking faults and thus should have
enhanced lattice thermal conductivity.
The substitutional doping into different layers affects lattice mismatch
and hence material’s composition differently. Substitutional doping into the
host layer, (TiS2), does not change the misfit-layer structure, and the
resulting composition is (BiS)1.2(Mg0.05Ti0.95S2)2. However, substitutional
doping into the phonon barrier layer, (BiS), would trigger the transition from
incommensurate to commensurate structure; also, the composition would
change to (Bi0.9(Ca or Sr)0.1S)1.2±x(TiS2)2 [16].
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Fig.3-10. (a) Thermal conductivity and (b) Lattice thermal conductivity of
alkaline earth doped samples.
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The alkaline earth doping in BiS(TiS2)2 would affect the materials’
stability due to the changes in interlayer bond strength, so that we
measured sound velocity in the doped materials to explain the atomic
bonding due to the formation of an ordered structure and a commensurate
structure in the case of calcium, strontium, and magnesium doping.
The transverse polarization is a shear movement, and its velocity is
closely related to the shear modulus, G, as expressed in the following
equation:

VT  G

(3-2)



where G is the shear modulus, VT is transverse component of sound
velocity, and ρ is density [21.22].
The results are listed in table 3-2. The longitudinal sound velocity, V L ,
had various values for each doping, attributed to the different values of
density. The increase of density decreased longitudinal sound velocity.
The transverse sound velocity 1, VT 1 , and shear modulus 1, G1 ,
increased, which we speculate was due to calcium, strontium, and
magnesium doping into either BiS or TiS2 layers strengthening the
covalent bonding between those dopant atoms and the sulfur atoms within
the TiS2 layers. In contrast, the magnesium substitution at the Ti site had
little effect on VT 2 and G 2 , possibly because the layer-to-layer mismatch
did not change. When the calcium and strontium were substituted for
bismuth, leading to a commensurate structure, the intralayer bonding was
reinforced, which resulted in an increase in VT 2 and G 2 . These results
showed that doping into the phonon barrier layer contributed to the
formation of a commensurate structure, distorting the rock salt structure.
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Fig. 3-11. The schematic figure of (a) incommensurate structure and (b)
commensurate structure.

Fig. 3-12. TEM images of (a) undoped sample and (b) magnesium doped
sample.
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Table 3-2. Density, VL, VT1, VT2, G1, and G2 of (BiS)1.2(TiS2)2,
(Bi0.9Ca0.1S)1.2(TiS2)2, (Bi0.9Ca0.1S)(TiS2)2, and (BiS)1.2(Mg0.05Ti0.95S2)2.

Sample

ρ
VL
VT1
VT2
G1
G2
(g/cm3) (m/s) (m/s) (m/s) (GPa) (GPa)

(BiS)1.2(TiS2)2

4.38

3596 1396 1660

8.5

12.1

(Bi0.9Ca0.1S)1.2(TiS2)2

4.25

3862 1431 1860

8.7

14.7

(Bi0.9Sr0.1S)1.2(TiS2)2

4.33

3439 1700 2020

12.5

17.7

(BiS)1.2(Mg0.05Ti0.95S2)2

4.35

3596 1429 1720

8.9

12.9

3.3.2.4. Dimensionless figure of merit (ZT)
The ZT values were calculated from electrical conductivity, Seebeck
coefficient, and thermal conductivity are shown in Fig. 3-13. The
substitution of alkaline earth into the BiS(TiS2)2 misfit layer sulfides
decreased ZT slightly due to the decreases in electrical conductivity,
Seebeck coefficient, and the increase in thermal conductivity.
In the misfit layer sulfides, doping did decrease the carrier
concentration significantly. However, the decrease in carrier concentration
did not increase the Seebeck coefficient because doping distorted the
electronic structure of the host layer where conduction occurred. Moreover,
the formation of commensurate and ordered structure increased the lattice
thermal conductivity. This phenomenon indicated that doping in the misfit
layer sulfides should not disturb the electronic structure of the host layers.
Therefore, the host atom and the dopant likely had close ionic radii.
Nevertheless, low lattice thermal conductivity was maintained. It is likely
that controlling this parameter can enhance the thermoelectric properties
of this material.
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Fig. 3-13. Dimensionless figure of merit (ZT) value of alkaline earth doped
sample.

3.3.2.5. Summary
We have investigate the influence of alkaline earth element substitution on
the electrical and thermal properties of (BiS)1.2(TiS2)2 misfit layer sulfides
forming (BiS)1.2(MgxTi1-xS2)2 and (Bi1-x(Ca,Sr)xS)1.2(TiS2)2. In the present
study, we attempted to decrease the carrier concentration by doping
electron acceptors. The powder samples were fabricated by solid state
reaction method and compacted by spark plasma sintering (SPS)
technique. XRD patterns show there are no impurity peaks and secondary
phases observed in the samples. The substitution did reduce the carrier
concentration and in agreement with the decrease in electrical conductivity.
However, Seebeck coefficient decreased slightly due to the decrease in
effective mass of carrier electrons. We have confirmed that the
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incommensurate structure is essential to maintaining the low thermal
conductivity of the misfit layer sulfides, as the formation of a
commensurate structure by finely tuning the lattice parameter of the BiS
layer increases thermal conductivity. Although the ZT value slightly
decreased due to alkaline earth element substitution, efforts should still be
made to improve the thermoelectric performance of these misfit layer
sulfides.
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Chapter IV

Effects of Transition Metal substitution
on the Thermoelectric Properties of
Metallic (BiS)1.2(TiS2)2 Misfit Layer Sulfide
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4.1. Preface
Thermoelectric materials can help the worldwide demand for energy by
converting waste heat into electricity [1-4]. Imai et al. reported that a single
crystal of titanium disulfide (TiS2) is a potential thermoelectric material
because of its high power factor, which is comparable with that of Bi2Te3
alloy at room temperature [5-8]. However, despite its large power factor,
the thermoelectric performance of TiS2 is limited by its relatively large
thermal conductivity, so its ZT is not optimum. Reducing the thermal
conductivity of TiS2 by intercalating a bismuth sulfide (BiS) layer into the
van der Waals gap to form (BiS)1.2(TiS2)2 successfully reduced its lattice
thermal conductivity without reducing its high power factor [9]. However,
electron transfer occurs from the BiS layers to the TiS 2 layers in
(BiS)1.2(TiS2)2, which greatly increases its carrier concentration and
electrical conductivity. As a result, the Seebeck coefficient of (BiS)1.2(TiS2)2
decreases and its power factor is sub-optimum [9-11]. In our previous work,
we substituted the titanium sites in TiS2 layers and bismuth sites in BiS
layers with several electron-acceptor alkaline earth (AE) dopants [11].
However, the resulting decrease in carrier concentration also led to a
decrease in the Seebeck coefficient because of the lower effective mass of
the AE materials. Although TiS2 is a semiconductor with a narrow band
gap, (BiS)1.2(TiS2)2 can become a semi-metal because of overlap of the
broad band of the BiS sublayer with that of the TiS2 sublayer. Thus, in this
work, we investigated the effect of substitution of (BiS)1.2(TiS2)2 with a
series transition metal (TM) elements on the thermoelectric properties of
the resulting materials. Our purpose was to increase the Seebeck
coefficient of the doped materials by formation of additional energy states,
namely resonances around the Fermi level, to optimize thermoelectric
performance.
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4.2. Experimental procedure
(BiS)1.2(Ti0.95TM0.05S2)2 samples were synthesized by a conventional
solid-state technique. High-purity starting materials (Ti, Bi, S, V, Cr2S3,
MnS, FeS, CoS, NiS, CuS, and ZnS) were combined in stoichiometric
amounts and then mixed for 2 h; the preparation procedure and
measurement devices have been reported elsewhere [11]. All of the pellets
obtained from spark plasma sintering (SPS) had a relatively high density of
over 96%. Thermoelectric properties were measured along the direction
perpendicular to the pressure applied during the sintering process. The
ionic states of TM dopants were analyzed by x-ray photoelectron
spectroscopy (XPS; JEOL, Tokyo, Japan) using an Al Kα x-ray source.
4.3. Results and discussion
4.3.1. Structural analysis
The single phase of each synthesized bulk sample was confirmed by x-ray
diffraction (XRD). XRD patterns were measured in the direction
perpendicular to the applied pressure during the sintering process and are
shown in Figure 4-1. The strong peaks of the (00l) planes show that all the
samples have a strong preference to orient with the c axis parallel to the
direction of pressure. The XRD patterns confirmed there were no
substantial changes or impurity phases present in the samples other than
the hexagonal phase of TiS2, CdI2 structure, and the cubic phase of BiS
distorted rock salt structure [9.12].
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4.3.2. Ionic state analysis
We performed XPS measurements to identify the ionic state of the TM
dopants in the samples, the results are presented in Figure 4-2. To identify
the ionic state of each TM dopant, we compared the spectra with those
reported for each metal sulfide [13-20]. The spectra indicated that Cr is
trivalent but V, Mn, Fe, Co, Ni, Zn, and Cu are divalent. This indicates that
all of the TM ions have successfully substituted Ti4+ in the TiS2 layers and
behave as acceptors.
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Figure 4-2. XPS spectra of TM-doped samples.
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4.3.3. Thermoelectric properties
4.3.3.1. Electrical conductivity
Figure 4-3(a) shows that the substitution of titanium sites in the TiS2 layers
with TM elements substantially reduces the electrical conductivity of the
resulting materials in the whole temperature range investigated.
Furthermore, the temperature dependence of electrical conductivity of all
samples decreases with temperature, which is indicative of metallic
conduction [21]. Unlike the other doped samples, transition of electron
transport behavior from metallic to semiconductor at 500 K was observed
for the Fe-doped sample, indicating that the carriers in TiS2 may be
partially localized in this sample [22].
Hall measurements were conducted to examine the change in the
number of carriers in the samples after doping. Table 1 shows that the
TM-doped samples have fewer carriers than the undoped sample. These
results indicate that the acceptor dopants have been successfully
incorporated into the Ti sites (Ti4+) in the TiS2 layers, supporting the XPS
results. Carrier mobility often decreases upon element substitution or
doping because of the alloy scattering effect. Therefore, the large
decrease in electrical conductivity of the Fe-doped sample occurred not
only because of reduced carrier concentration but also because of the
substantial decrease in carrier mobility, which is possibly because Fe
doping alters the crystal structure [23].
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Figure 4-3. The electrical properties of TM doped samples: (a) electrical
conductivity, (b) Seebeck coefficients, (c) effective
mass as a
function of carrier concentration, and (d) power
factor.
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Table 1.

Sample

Carrier

Mobility, μ

concentration, n

(mv-1s-1)

(cm-3)
Undoped

4.8 x 10

V

4.3 x 10

Cr

3.9 x 10

Mn

4.1 x 10

Fe

3.9 x 10

Co

3.8 x 10

Ni

4.2 x 10

Cu

4.4 x 10

Zn

4.2 x 10

21

2.8

21

1.9

21

2.1

21

2.2

21

1.3

21

2.3

21

2.2

21

2.6

21

2.5

4.3.3.2. Seebeck coefficient
The negative Seebeck coefficients of the samples suggest that electrons
are the main carriers, as shown in Figure 4-3(b). However, even though all
of the TM dopants have reduced the carrier concentration, only V and Cr
doping cause a large increase in the Seebeck coefficient. This increase in
the Seebeck coefficient is mainly caused by the increase in the effective
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mass of the carriers in these samples, as shown in Figure 4-3(c), which
depicts the effective mass of the carriers as a function of carrier
concentration. Effective mass was calculated by use of the following
expression for the Seebeck coefficient of a metal or degenerate
semiconductor, assuming a single parabolic band and energy-independent
carrier scattering [2]:

S

8 2 k B2 *   
m T 
3eh 2
 3n 

2/3

where n is the carrier concentration, m* is the effective mass of a carrier,

k B is the Boltzmann constant (1.381×10−23 JK−1), h is the Planck
constant (6.626×10−34 m2kgs−1), e is the electron charge (1.602×10−19 C),
and T is the absolute temperature (K).
TiS2 is a narrow-band-gap semiconductor, but (BiS)1.2(TiS2)2 can
possibly become a semi-metal because of overlap of the bands of the BiS
and TiS2 sublayers. After TM doping, substitution of Ti with elements with
3d orbitals possibly induces a resonance level near the Fermi level that
could enhance the Seebeck coefficient [24,25]. In V and Cr-doped
(BiS)1.2(TiS2)2, this resonance may occur, assuming that Ti as a host atom
has slightly different energy levels than those of V and Cr as dopants.
Dopants with half-filled 3dt2g orbitals result in nearly equal energy levels,
thus causing a resonance and creating additional energy levels around the
Fermi level. However, further investigation, for example calculation of the
density of states of these compounds, is needed to prove this assumption.
Figure 4-3(d) reveals that the power factor of these samples cannot be
optimized because the large decrease in electrical conductivity is not
outweighed by a substantial increase in the Seebeck coefficient.
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4.3.3.3. Thermal conductivity
The total thermal conductivity (κ) of the TM-doped samples decreases
over the whole temperature range investigated, as shown in Figure 4(a). κ
is expressed as the sum of the electronic thermal conductivity (κe) and the
lattice thermal conductivity (κl), i.e.,

κ = κe +κl. As shown in Figure 4(b),

the observed large decrease in thermal conductivity could be attributed
mainly to the reduction of electronic thermal conductivity, which

can be approximately estimated by use of the Wiedemann-Franz law [26].
Obviously,

κ

could be further suppressed by maintaining low lattice

thermal conductivity. Unfortunately, all of the doped samples have higher
lattice thermal conductivity than pure (BiS)1.2(TiS2)2, as shown in Figure
4(c).
The high-resolution transmission electron microscopy (HRTEM)
images of the samples shown in Figure 4-5 reveal that the increase in the
lattice thermal conductivity is caused by the new structural ordering. This
new ordering occurs as a result of elimination of planar stacking faults
present in the undoped sample. An HRTEM image of pristine
(BiS)1.2(TiS2)2 along the a-axis reveals different stages inside one crystal.
As can be seen in Figure 4-5(a), in some parts, pairs of TiS2 layers and a
single BiS layer are stacked periodically to form the composition
(BiS)1.2(TiS2)2. However, in other areas, a single TiS2 layer and one BiS
layer stack alternately to form (BiS)1.2TiS2. The selected area electron
diffraction (SAED) pattern of this image reveals diffuse reflections,
confirming the substantial disorder in the stacking sequence. In contrast,
Figure 4-5(b) reveals the existence of a regular assembly of two TiS2
layers and one BiS layer, a so-called commensurate structure. The very
sharp reflections in the SAED pattern of this image are also indicative of
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formation of an ordered structure. The resulting ordered structure should
have weaker phonon scattering than that of disordered (BiS)1.2(TiS2)2 with
planar stacking faults, and thus should have enhanced lattice thermal
conductivity [27].
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Figure 4-4. (a) thermal conductivity, (b) electronic thermal conductivity,
and (c) lattice thermal conductivity of TM-doped samples.
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750

Figure 4-5. HRTEM images (a) Undoped sample and (b) chromium doped
sample.

4.3.3.4. Dimensionless figure of merit (ZT)
Figure 4-6 shows that the Cr-doped sample has higher ZT than the other
TM-doped samples. Although both the electrical conductivity and thermal
conductivity are reduced by TM substitution, the large increase in the
Seebeck coefficient of the Cr-doped sample enhances its ZT.
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Figure 4-6. Dimensionless figure of merit (ZT) of TM doped samples.
Considering the uncertainty in the measurements of electrical
conductivity, Seebeck coefﬁcient, thermal diffusivity and
specific heat capacity, the error bars are a maximum of
13% for ZT.
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4.4. Summary
In summary, we attempted to improve the thermoelectric properties of
(BiS)1.2(TiS2)2 misfit layer sulfides by TM substitution. It was hoped that TM
substitution would reduce carrier concentration, which could lead to an
increase in the Seebeck coefficient and ZT of the doped materials. All of
the TM-doped samples had reduced carrier concentration compared with
that of (BiS)1.2(TiS2)2, but only V and Cr dopants led to a large increase in
the Seebeck coefficient. The enhanced Seebeck coefficient of the V and
Cr-doped samples was caused by the increase in the effective mass of
carriers as a result of the change in electronic structure upon doping. The
low energy level of the 3dt2g half-filled orbitals of V and Cr possibly induced
the formation of an additional or resonance state near the Fermi level in
these samples. Although the lattice thermal conductivity could not be
optimized, the decrease in electronic thermal conductivity obtained
substantially reduced the total thermal conductivity of the V and Cr-doped
samples, which enhanced ZT.
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Chapter V
Thermoelectric Properties Enhancement of
(BiS)1.2(TiS2)2 Misfit Layer Sulfide
by Chromium Doping
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5.1. Preface
We have successfully found an appropriate acceptor dopant for
(BiS)1.2(TiS2)2 from our previous work. The chromium doping has
successfully reduced the carrier concentration with reduction of electrical
conductivity; in the mean time also enhanced the Seebeck coefficient and
the effective mass. Although, the formation of ordered structure was taking
place in the chromium doped samples resulted an increase in lattice
thermal conductivity but low electronic thermal conductivity due to the
decrease in the electrical conductivity has contributed to the low thermal
conductivity. As a result, the final ZT value was improved. We assumed
that the increase of Seebeck coefficient can be attributed to the formation
of additional or resonant states near the Fermi level [1,2]. In this study, we
fabricate a series chromium doped sample with several doping level to
investigate the optimal doping level for (BiS)1.2(TiS2)2. In addition, for
further investigation, we carried out the DFT calculation to confirm the
formation of additional or resonant states in the chromium doped sample.
5.2. Experimental procedure
The powder samples were synthesized by using solid state reaction
method. The sample preparation and procedure have been reported in our
previous work (chapter I). All pellets obtained from spark plasma sintering
(SPS) have relatively high density of over 96%. We measured
thermoelectric properties along the direction perpendicular to the pressure
applied during the sintering process. XRD measurements helped analyze
the phase composition (RINT-2100, Rigaku). The ionic state of chromium
was analyzed via XPS (JEOL, Al kα source). In order to clarify the effective
mass change after Cr doping, the density of states (DOS) of samples
calculated using the density functional theory as implemented in the
Quantum-ESPRESSO package.
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5.3. Results and discussion
5.3.1. Morphology observation and structural analysis
The morphology of the pellet samples are shown in the Fig. 5-1. The plate
like particles are well-align in the direction perpendicular to the pressure
applied during sintering. SEM image shows that the samples are dense
and the relative density is over 97%.

Fig. 5-1. SEM images of (BiS)1.2(Ti1-xCrxS2)2 pellet samples. (a) Undoped,
(b) x = 0.025, (c) x = 0.05 and (d) x = 0.1.
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Fig. 5-2. The natural superlattice structure of (BiS)1.2(TiS2)2 misfit layer
sulfide.
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Fig. 5-2 shows that pure (BiS)1.2(TiS2)2 has a natural superlattice
structure, in which double TiS2 layers and one BiS layer stack alternatively
in the c-axis direction. Cr3+ (0.63 Å) was intended as a substitute at the Ti4+
(0.68 Å) site, rather than the Bi3+ (0.96 Å) site. XRD patterns of the pellets
were observed in the direction perpendicular to the applied pressure
during the sintering process and are shown in Fig.5-3. Several strong
peaks demonstrate that all the samples have a high degree of (00l)
orientation. The peaks of chromium-doped misfit layer sulfides (x = 0.025,
0.05, 0.1) correspond to those of the undoped (x = 0) sample, proving that
the chromium-doped misfit layer sulfide (BiS)1.2(Ti1-xCrxS2)2 has a crystal
structure related to that of (BiS)1.2(TiS2)2[3]. No substantial changes were
observed in the XRD pattern of the chromium-substituted compound, with
only a slight shift to higher angles at around 27 degrees (0010), indicating
that the layer spacing c in the doped misfit layer sulfide shortened linearly
from 16.9665 Å to 16.6849 Å, as the doping level x increased from 0 to 0.1.
5.3.2. Ionic state analysis
Furthermore, we have performed XPS measurements to identify the ionic
state of the chromium dopant. Fig. 5-4 shows the XRF spectra for all
doped samples. As a reference standard for chromium (III), we also
measured chromium (III) sulfide (Cr2S3); its XRF spectrum is shown in the
lower part of the figure. The Cr 2p3/2 spectrum is shown for reference, at a
binding energy (BE) of 573 eV. The peak positions of samples with Cr
concentration of x = 0.05 and 0.1 are quite similar to that of Cr (III) in Cr2S3,
which implies that the Cr is nearly trivalent [4,5]. This proves that the Cr3+
has been successfully substituted into Ti4+ octahedral sites in the TiS2
layers.
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Fig. 5-3. XRD pattern for (BiS)1.2(Ti1-xCrxS2)2 (x = 0, 0.025, 0.05, and 0.1).
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Fig. 5-4. XPS Spectra for (BiS)1.2(Ti1-xCrxS2)2 (x = 0, 0.025, 0.05, and 0.1).
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5.3.3. Thermoelectric properties
5.3.3.1. Electrical conductivity
Figure 5-5(a) shows that chromium doping into titanium sites in the TiS2
layers significantly reduces the electrical conductivity in the whole
temperature range studied. The decrease in electrical conductivity is in
agreement with the increase in chromium doping levels. Furthermore, all
compounds depicting this kind of change in electrical conductivity are
metallic conductors [6-8]. The electrical conductivity of a material is
determined by its carrier concentration and mobility. Therefore, we have
carried out Hall measurements to examine carrier concentrations, so as to
clarify the decrease in electrical conductivity. The carrier concentration of
all samples decreased, as shown in Fig.5-5(b).

22
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x = 0.1
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 (x10 Scm )
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4
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Fig. 5-5. Electrical conductivity of (BiS)1.2(Ti1-xCrxS2)2 (x = 0, 0.025, 0.05,
and 0.1).
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The carrier concentration of all samples decreased, as shown in
Fig.5-6. These results confirm that chromium doping reduces carrier
concentration, which is consistent with the change in electrical conductivity
of the samples.
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21
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Fig. 5-6. The change in effective mass as a function of carrier
concentration

Figure 5-7 is Hall mobility of carriers as a function of temperature of
each chromium doped sample. The mobility for x = 0 has a temperature
dependence proportional to T−1.5, indicating the dominance of electron
scattering by acoustic phonons [9-11]. However, increasing the chromium
doping amount leads to a decrease in the dependence of mobility on
temperature. This implies that, in addition to acoustic phonon scattering,
ionized impurity scattering or alloy scattering also takes place [12,13].
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5.3.3.2. Seebeck coefficient
The samples show negative Seebeck coefficients, meaning that electrons
are the main carriers, as shown in Fig. 5-8. The samples with chromium
doping show higher Seebeck coefficients. The general expression for the
Seebeck coefficient is as follows [14]:

8 2 k B2 *   
S
m T 
3eh 2
 3n 

2/3

,

(5-1)

where n is the carrier concentration, m* is the effective mass of the
carrier, k B is the Boltzmann constant (1.381×10−23 JK−1), h is the Plank
constant (6.626×10−34 m2kgs−1), e is the electron charge (1.602×10−19 C),
and T is the temperature (K).
The increase in Seebeck coefficient with chromium doping is mainly
due to the decrease in carrier concentrations, n . Moreover, we should
also point out that the effective mass shows a systematic increase with
increasing doping levels, which further contributes to the increase in the
Seebeck coefficient, as shown in Fig. 5-5(b). This is different from our
previous

study,

in

which

the

alkaline

earth

metal

doping

((BiS)1.2(Ti0.95Mg0.05S2)2, (Bi0.9Ca0.1S)1.2(TiS2)2, and (Bi0.9Sr0.1S)1.2(TiS2)2)
and transition metal doping ((BiS)1.2(Ti0.95TM0.05S2)2 (TM: Mn,Co,Fe,Ni,Zn))
decreased the effective mass.
It is believed that pure (BiS)1.2(TiS2)2 has a non-parabolic band
structure, such that the decrease in carrier concentration can reduce the
effective mass [15,16]. In the case of chromium doping, however, the
effective mass increases as the carrier concentration decreases, which
may be due to the formation of additional states near the Fermi level;
further investigation is needed to prove this assumption.
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Fig. 5-7 Hall mobility of (BiS)1.2(Ti1-xCrxS2)2
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Fig.5-8. Seebeck coefficient of (BiS)1.2(Ti1-xCrxS2)2 (x = 0, 0.025, 0.05,
and 0.1).
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0.1).
5.3.3.3. Density of states (DOS) calculation
In order to clarify the effective mass change by Cr doping, the density of
states (DOS) of un-doped and 10% Cr-doped (BiS)1.2(TiS2)2 misfit layer
sulfide were both calculated by using the density functional theory as
implemented in the Quantum-ESPRESSO package [17,18]. The results
are shown in Fig.5-9.The Fermi levels, indicated by the dotted line, were
calculated by using the Fermi integral from the carrier concentrations
shown in Fig 5-6. From Fig.5-9 (a) and (b), it can be seen that the DOS
near the Fermi level is enlarged by Cr doping. This enlargement results in
a larger carrier effective mass, which agrees with the trends shown in
Fig.5-6. Moreover, the DOS near the Fermi level is mainly contributed by
the 3d orbitals of Ti atoms near the Cr dopant, as shown in Fig.5-9 (c), (d)
and (e).
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Figure 5-10 depicts the power factor calculated from their measured
electrical conductivity and Seebeck coefficient. It shows that chromium
doping cannot optimize the power factor due to the large decrease in
electrical conductivity despite the higher Seebeck coefficient.
5.3.3.4. Thermal conductivity
The total thermal conductivity of chromium-doped samples with different
chromium doping level decreases in the whole temperature range. This
significant decrease is mainly due to the decrease in electronic thermal
conductivity, as shown in Fig. 5-11(a). In the case of (BiS)1.2(TiS2)2 ,  e
contributes more to  than  l [19,20]. This is also the case for x = 0.025
samples. However, for the sample with x = 0.05 and 0.1, the point where

 l contributes more to  compared to  e , differs from that of the previous
samples. Furthermore, chromium doping leads to different effects on the
lattice thermal conductivity of the samples, as shown in Fig. 5-11(b). The
samples with x = 0.05 and 0.1 show an increase in lattice thermal
conductivity. This enhancement is probably due to a new structural
ordering as a result of eliminating of planar stacking faults [21]. The
resulting ordered structure should have weaker phonon scattering than the
disordered (BiS)1.2(TiS2)2 with planar stacking faults, and thus should have
enhanced lattice thermal conductivity [22-24]. On the other hand,  l for
the sample with x = 0.025 decreases due to the absence of structural
ordering; as a result, this sample could have reduced total thermal
conductivity compared to the samples with x = 0.05.
The sound velocity measurement was carried out to examine the
effect of structural ordering formation on the lattice thermal conductivity.
Table 5-1 show that VL have different values for each doping level,
attributed to the different values of density. The VT 1 and VT 2 of the
samples with x = 0.05 and 0.1 increased, while for the x = 0.025 sample
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(x = 0,

they decreased. The increase in VT 2 in the samples with x = 0.05 and
0.01 was predicted due to the strengthening of covalent bonding between
chromium atoms and the sulfur atoms within the TiS2 layers. The increase
in VT 2 is thought to be due to reinforced intralayer bonding, as a result the
lattice thermal conductivity is enhanced. On the contrary, the VT 1 and VT 2
of the x = 0.025 samples decreased due to the softening of the interlayer
bonding and the weakening of intralayer bonding, and, as a result, the
lattice thermal conductivity decreased.

Table 5-1. Density, VL , VT 1 , VT 2 of (BiS)1.2(Ti1-xCrxS2)2
(x = 0, 0.025, 0.05, and 0.1).

 (gcm-3)

VL (ms-1)

VT 1 (ms-1)

VT 2 (ms-1)

x=0

4.4

3596

1396

1660

x = 0.025

4.2

3860

1375

1580

x = 0.05

4.4

3515

1502

1693

x = 0.1

4.3

3580

1698

1931

Sample

5.3.3.5. Dimensionless figure of merit (ZT)
Figure 5-12 shows the ZT value calculated from the measured electrical
conductivity,

Seebeck

coefficient,

and

thermal

conductivity.

All

chromium-doped samples exhibit an increase in ZT of 0.24–0.3 at a
temperature of 750 K. Although the chromium substitution did not result in
higher power factor, its low total thermal conductivity contributed to an
increase in ZT.
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5.4. Summary
In this work we have successfully improved the thermoelectric properties of
(BiS)1.2(TiS2)2 misfit layer sulfides through the optimization of carrier
concentration by chromium doping. The chromium ions substituted for the
titanium sites reduced the carrier concentration and increased the Seebeck
coefficient. Unlike other acceptor dopants, chromium increased the
effective mass, which further enhanced the Seebeck coefficient. It is
assumed that additional resonant states may be formed near the Fermi
level which can account for the increase in effective mass and further
investigation is required in the near future. The electronic thermal
conductivity was significantly reduced due to the decrease in electrical
conductivity. Consequently, the overall ZT value measurably improved,
even though the power factor decreased slightly.

0.30

ZT

0.25
0.20

x=0
x = 0.025
x = 0.05
x = 0.1

0.15
0.10
0.05
300 400 500 600 700 800
T (K)
Fig. 5-12. The dimensionless figure of merit ZT for (BiS)1.2(Ti1-xCrxS2)2
(x = 0, 0.05, and 0.1).
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Chapter VI

The Future of Misfit Layer Sulfide as
Thermoelectric Materials
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The study on (Bi1-yByS)n (Ti1-xAxS2)2 misfit layer sulfide as a novel
thermoelectric material reveals that the thermoelectric performance of this
compound can be improved by dope of low valency dopants, as so called the
modulation or selective doping. We have tried to dope several dopants from
alkaline earth elements and transition metal elements into the different layer;
host layer TiS2 or phonon barrier layer BiS. In this work we have successfully
improved the thermoelectric properties of (BiS)1.2(TiS2)2 misfit layer sulfide
through the optimization of carrier concentration by chromium doping. The
chromium ions substituted for the titanium sites reduced the carrier
concentration and increased the Seebeck coefficient. Unlike other acceptor
dopants, chromium increased the effective mass, which further enhanced the
Seebeck coefficient. It is assumed that additional resonant states may be
formed near the Fermi level which can account for the increase in effective
mass and further investigation is required in the near future. The electronic
thermal conductivity was significantly reduced due to the decrease in
electrical conductivity. Consequently, the overall ZT value measurably
improved
Good thermoelectric materials have high electrical conductivity and
Seebeck coefficients and low thermal conductivities, but these properties are
not independent.

In particular, the electrical conductivity and Seebeck

coefficient are inversely related, so it is not generally possible to increase the
thermoelectric power factor above a particular optimal value for a bulk
material. We realized that the enhancement of thermoelectric properties in
our samples due to the increase in electrical properties; the decrease in
electrical conductivity led to significant increase in Seebeck coefficient.
However, another parameter, thermal conductivity, could not be maintained
in the ultra low value. Even though, the electronic thermal conductivity can be
lowered due to the decrease in electrical conductivity but an increase in
103

lattice thermal conductivity caused high total thermal conductivity. We found
that the enhancement of lattice thermal conductivity due to a new structural
ordering as a result of eliminating of planar stacking faults and the formation
of ordered structure. These reasons should have weaker phonon scattering
than the disordered (BiS)1.2(TiS2)2 with planar stacking faults, and thus
should have enhanced lattice thermal conductivity. Therefore, further
investigation are required on how to retain the ultra low lattice thermal
conductivity in the (BiS)1.2(TiS2)2 misfit layer sulfide to achieve a high ZT
value.
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