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Abstract

Thermoelectric research has been performed on p-type Bi-Sb system. We
systematically study the doping effects of Ge, Sn, and Pb in Bi-Sb alloys. The
samples are made using the melt spinning technique and the spark plasma sintering
method. A “high pressure low temperature” method is developed to resolve the
low solubility issue of Ge and Pb in Bi-Sb. We observe an increased doping level
for Ge and an increased doping efficiency for Pb in Bi-Sb. Several strategies
have been applied to enhance the thermoelectric performance of p-type Bi-Sb
samples including the Ge + Pb/Sn co-doping method, transition metal + Sn/Pb
co-doping method, Te 4+ Sn/Pb co-doping method and the post high-pressure
method. Enhanced power factors are obtained in p-type Bi-Sb samples and most
of them can be attributed to the decreased ratio of the electron mobility to the
hole mobility. The thermal conductivity is measured using the hot disk method.
The BiggSbiaNiy Pby s sample shows a peak of figure of merit 27" ~ 0.13 around
200 K which is comparable to the performance of the best single crystal p-type
Bi-Sb by far.

We apply a two-band effective mass model to fit the data of undoped and
pure Ge, Sn, and Pb doped Bi-Sb samples and the band gap is set as a changing
parameter. We find that the band gap needs to shrink as temperature rises in
order to fit the data well. This helps explain why it is difficult to achieve a good
thermoelectric performance in p-type Bi-Sb system. If the band gap shrinks as
temperature rises, the electron channel starts to contribute to the transport at

relatively low temperature which is detrimental to the p-type Seebeck coefficient.



il

Besides, the bipolar thermal conductivity becomes significant with both the hole
channel and the electron channel participating the transport. Those factors lead
to a low figure of merit 2T for p-type Bi-Sh.

Moreover, we have studied p-type Si-Ge alloys. The ball milling technique
and the spark plasma sintering method are applied to synthesize Si-Ge samples.
We measure the resistivity and the Seebeck coefficient of Fe/Ni/Mo codoped Si-
Ge, Si-Ge embedded with aerogel particles, and Si-Mo-B samples. The carrier
concentration and the carrier mobility are affected by the Fe/Ni/Mo and aerogel
particles which change the electrical conductivity and the Seebeck coefficient of Si-
Ge alloys. Overall, we get about 10 % increase of the power factor in the transition

metal codoped Si-Ge compared with the referenced p-type Si-Ge result.
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Chapter 1

Introduction of thermoelectrics

Energy has become one of the central concepts in human society since the
first industrial revolution. However, accompanied with the development of the
energy technology, pollution to the environment and excess carbon dioxide to the
atmosphere have become severe problems. In recent years, people have made a
lot efforts on resolving the environmental problems. One of the directions is to
find ways to generate clean energy. Thermoelectric (TE) technology is one of the
technologies that can help generate energy in an environmentally friendly way [1].
In everyday life, a lot of heat energy, such as the heat generated by the vehicles’
engines, is dissipated into the environment without recycling. With the help of
the thermoelectric technology, we are able to save energy by converting heat into

electrical energy and make the energy usable again.

1.1 Thermoelectric effects

To understand how and why thermoelectric technology works, we need to
look into the mechanisms of the thermoelectric effects.

The three main thermoelectric effects are the Seebeck effect, Peltier effect,
and Thomson effect. The Seebeck effect is mainly about converting the tempera-
ture gradient into the voltage difference at the joints of two materials. The Peltier

effect involves a flowing electrical current in a circuit made by two connected mate-



rials and the phenomenon of generating and absorbing energy at the joints. When
we apply both the current and the temperature gradient on a material, here comes
the extra heating and cooling along the material and this is called the Thomson
effect. The details of those three effects are introduced in the following sections

separately.

1.1.1 Seebeck effect

The Seebeck effect is named after the German physicist Thomas Johann
Seebeck[2]. It is discovered by Italian scientist Alessandro Volta in 1794 and
independently rediscovered by Thomas Johann Seebeck in 1821.

There are two descriptive definitions on Seebeck effect. The first one is
from the original observation point of view which involves two kinds of different
materials. When we loop two different metal wires together, such as iron and
copper, and set the two joints at different temperatures, an electrical current
would be created through the wires. Because in different materials, the chemical
potential changes with temperature differently, that causes an electrical potential
difference between the joints which leads to the electrical current.

The other definition involves only a single material. The Seebeck effect is
defined as the electromotive force (EMF) or voltage build up along the material
when we set the two ends of the material at different temperatures. Based on this
definition, we can use an equation to describe the capability of the material to
convert the temperature difference into the voltage difference, which is called the

Seebeck coeflicient S:

AV

§=-%7 (1.1)

where AV and AT are the voltage difference and temperature difference between
the two ends of the material respectively.
In general, the Seebeck coefficient can be measured given a small temperature

gradient along the material. We can measure the voltage difference between the



two ends and divide it by the temperature difference. In the real measurement
of Seebeck coefficient, we usually use the four-probe method [3] considering that
the contact resistance between the material and the electrodes may affect the

measurement result.

@ o N o

(" b iron ? ? ? ? -
Surface T o @ AT TE two probe
to be in P Ax | | alloy | thermocouples
measured o .
constantan
S e
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Figure 1.1: (a) Diagram of a thermocouple (b) Mechanism of the Seebeck effect
(c) Set-up of measuring the Seebeck coefficient

In Figure 1.1 (a), we plot a thermocouple made using the iron wire and
the constantan wire to demonstrate an application of the Seebeck effect. In (b),
we set the n-type TE material and the p-type TE material connected to a hot
object at one side and a cool object at the other side. The electrons in the n-
type material and the holes in the p-type material would be driven from the hot
side to the cool side. After connecting them with a voltage probe, we can find
the voltage difference between the joint electrodes. In (c), we show a general
four-probe method to measure the Seebeck coefficient of a certain material. The
sample is mounted between two electrodes (gray parts in the diagram) which are
connected to the current supply. The temperature gradient % is being applied
along the sample. Two probe thermocouples are connected with the sample to
measure the voltage difference and the temperature difference. Considering the
two electrodes and the two thermocouples connected with the sample, the method
is called the four-probe method.

In terms of a microscopic point of view, we can understand the Seebeck
effect with the help of a free electron gas model. When we apply the temperature

difference at the two ends of the material, the carriers at the hot end have higher



kinetic energy and the carriers at the cold end have lower kinetic energy. Then
the carriers at the hot end would diffuse to the cold end. As a result, the carrier
density at the cold end would increase. This process stops until the electric field
developed by the diffusion of charge carriers prevents the further carrier motion
from hot to cold end. That would lead to an electrical potential difference between
the hot end and the cold end. The sign of the voltage is dependent on the sign
of the major carriers in the material. The Seebeck coefficient is negative if the

potential of the cold side is lower than the hot side.

1.1.2 Peltier effect

The Peltier effect is discovered by French physicist Jean Charles Athanase
Peltier in 1834 [4]. This effect is kind of a reversed phenomenon to Seebeck effect.
When we connect two materials together and apply the current through it, one
joint of the materials would generate heat and the other one would absorb heat.
Figure 1.2 shows the diagram of the Peltier effect. When considering the total
generated heat, Joule heat needs to be considered besides the Peltier heat. This

makes it difficult to measure the Peltier heat directly.

o 9.7
p Y

¥n
Il +> ‘;I

Figure 1.2: Mechanism of the Peltier effect

The Peltier heat can be described by the following equation:

dQ
—r = (L —TI)1 (1.2)



where % is the generated heat per unit time, II; and Il; are the Peltier coeffcients
of the first conductor and the second conductor, and I represents the electrical
current. The Peltier coefficient II is closely related to the Seebeck coefficient S
with the equation:

I=T8 (1.3)

1.1.3 Thomson effect

When we apply both the temperature gradient and current along a material,
we can get additional heating or cooling, this effect is called the Thomson effect.
William Thomson discovered it in 1851 [5].

Thomson effect can be described using the following equation:
G=—-KJ-VT (1.4)

where ¢ is the rate of generated heat per unit volume, J is the current density,

VT is the temperature gradient, and K = T% is the Thomson coefficient.

1.2 Figure of merit 2T

In thermoelectric research, we mostly care about the Seebeck effect/Seebeck
coefficient among the three thermoelectric effects. However, in order to convert
the heat energy into electrical energy efficiently, a good Seebeck coefficent is not
enough. We also need to consider the electrical conductivity and the thermal
conductivity. Specifically, we want the material to be a good electrical conductor
and a bad thermal conductor. Here a figure of merit 27" is defined to describe the
material’s capability of energy conversion.

The equation for figure of merit 27 is

B oS*T
K

2T

(1.5)



where o is the electrical conductivity, S is the Seebeck coefficient, k is the thermal
conductivity which can be separated as the electrical thermal conductivity k. and
the lattice thermal conductivity xp .

The electrical thermal conductivity k. is related to the electrical conductivity

o by the Wiedemann-Franz law:
ke = LoT (1.6)

where L is called the Lorenz number and theoretically is a constant for metals:

w2 (kg 2
b7 () ur

where kg is the Boltzmann constant and e is the unit charge. For semiconductors,
the value of the Lorenz number depends on the scattering mechanisms in the
material [6].

2T is proportional to the electrical conductivity, the square of the Seebeck
coefficient, the temperature and reversely proportional to the thermal conductiv-
ity. In order to enhance the figure of merit 27", we need to improve the power
factor which is defined as 05? while keep the thermal conductivity low. However,
it is difficult to achieve that goal because the electrical conductivity, the Seebeck
coefficient and the thermal conductivity are entangled together. We can see the
relation from the Wiedemann-Franz law Equation 1.6 and the single band Seebeck
coefficient Equation 1.8. When we try to improve one of the transport properties,
the other two tend to become worse. This is the challenging part in thermoelectric
research.

The Seebeck coefficient of a single band degenerate semiconductor can be
expressed as [7]:

S

8T kAT ( T )2/3 (1.8)

— M 3eh?2 \3n



where m}; is density of states effective mass, kp is the Boltzmann constant, e is
the unit charge, h is the Planck constant and n is the carrier concentration. As
the carrier concentration increases, the electrical conductivity ¢ = nue increases
while the Seebeck coefficient decreases. p is the mobility of the charge carriers.
To overcome the problem, researchers have tried a lot of methods. To in-
crease the power factor, a usual way is through doping. By adding dopants into
the alloy matrix, the carrier concentration and the scattering time can be changed
8], [9]. That can affect the electrical conductivity and the Seebeck coefficient and
make it possible to optimize the power factor. Nano-structure process [10]-[13]
is applied to decrease the thermal conductivity x since it can increase the grain
boundary scattering which leads to a lower lattice thermal conductivity s, while
the power factor keeps roughly the same. Besides, the energy filter mechanism
[14], [15] and resonant states mechanism [7], [16] have been applied to enhance

the power factor of the materials.

1.3 Thermoelectric material

In terms of the material point of view, we can categorize the materials into
metal, insulator, semi-metal, and semiconductor based on materials’ electrical

conductivities.

n-type p-type _ )
semiconductor semiconductor semimetal metal insulator

Figure 1.3: Diagrams of semiconductor, semimetal, metal and insulator

In the Figure 1.3, the difference between metal, insulator, semi-metal and

semiconductor can be explained using the energy band model. CB represents the



conduction band, VB represents the valence band, and the red line indicates the
position of the Fermi level. For metal and semi-metal, the Fermi levels position
in the bands, while for insulator and semiconductor, the Fermi levels position in
the band gaps. The conduction band overlaps with the valence band in the semi-
metal. For n-type semiconductor, the Fermi level is closer to the conduction band
so that electrons can be thermally excited and raise the electrical conductivity. In
contrast, the Fermi level is closer to the valence band for p-type semiconductor
and the major carriers are holes. For insulator, the band gap is large and raising
temperature cannot effectively make enough electrons or holes participate in the
transport and the electrical conductivity stays low.

Metals generally have good electrical conductivities which are good for the
power factor. However, the Seebeck coefficient is small for metals, typically several
microvolts per Kelvin. Because for metallic systems, the electronic states below
the Fermi level have a positive contribution to the Seebeck coefficient while the
electronic states above the Fermi level have an opposite contribution to the Seebeck
coefficient. The two parts compensate with each other, leading to a small total
Seebeck coefficient. In the end, the power factors for metals are low because of
the small Seebeck coefficient.

For insulators, the power factor is mainly restricted by the low electrical
conductivies. Even though insulators may have decent Seebeck coefficent, the
electrical transport is obstacled by the high resistance of the material.

For semi-metals, it’s possible to get good thermoelectric performance if there
is a significant asymmetry between the valence band and the conduction band [17].
That can lead to a large Seebeck coefficient which benefits the figure of merit 27"

Researchers have found that the semiconductor kind of materials have the
best thermoelectric performance in most of the temperature ranges [7], [9], [11],
[16], [18]-]20]. For semiconductors, the materials can be either n-type or p-type
controlled by doping, with either electrons or holes as the major charge carriers.

Since the compensation between electrons and holes is avoided, strong Seebeck



coefficient is obtained in semiconductors. A good thermoelectric semiconductor
has a Seebeck coefficient as high as hundreds of microvolts per Kelvin. With the
decent electrical conductivity and thermal conductivity, semiconductors are the

most promising type of materials in which we can search for good thermoelectric

properties.
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Figure 1.4: Figure of merit 27" of different thermoelectric materials

Semiconductor and insulator both have band gaps. However, for semicon-
ductors, the band gap is relatively small. As temperature rises, the energy is
high enough to excite the charge carriers and make semiconductor conductive.
This is the reason why the resistivity curve of semiconductors rises up at lower
temperature and decreases at higher temperature.

The properties of semiconductors can be tuned by adding dopants into the
system. The effect of dopants is determined by both the dopant element itself
and also the matrix. The dopant atoms work as either electron acceptors or
donors. For example, silicon is a group 14 element. We can add boron, which is
a group 13 element, into the system and get a p-type semiconductor. Or we can
add phosphorus, which is a group 15 element, into the system and get a n-type

semiconductor.
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In Figure 1.4, we plot the figure of merit 27" of several typical TE materials
over a wide temperature range. BiSb, ref.[18]; BiSbTe, ref.[19]; SnSe, ref.[9]; PbTe,
ref.[7]; TaFeSb, ref.[20]; SiGe, ref.[11]; HfZrNiSn, ref.[16].

1.4 Thermoelectric device

After we find good thermoelectric materials, the important thing to do is to
build thermoelectric devices using those materials and test their energy conversion
efficiency.

Compared with conventional power generators or coolers, thermoelectric de-
vices have the advantage of being environmentally friendly, small size, quiet, stable
and less need for maintenance [1]. However, the thermoelectric devices do not have
as good energy conversion efficiency as conventional devices. This limits the wide

use of the thermoelectric devices.

1.4.1 Thermoelectric cooler

Fol %Y il %% [Fed (T [ |SoF

Figure 1.5: Diagram of a cooler made using the Peltier effect

Since we can use the Peltier effect to absorb heat, this mechanism can be
applied to build thermoelectric coolers.
As we set up a current going through the circuit with connected n-type legs

and p-type legs, the system can transport heat from a source to a sink. Figure 1.5
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shows the schematic diagram of the thermoelectric cooler.

1.4.2 Thermoelectric power generator

Based on the Seebeck effect, we can build a thermoelectric generator by
connecting many n-type and p-type legs of thermoelectric materials and put the
two ends at different temperatures. As they are connected and the temperature
gradient is maintained, we can get electric current going through the circuit and
that forms a thermoelectric power generator.

As Figure 1.6 shows, after we set up the heat source and the sink, the charge
carriers in both the n-type leg and the p-type leg move from the hot end towards
the cold end. They will neutralize at the cold end. As the temperature gradient
is maintained, this process will not stop. The conversion from heat energy to

electrical energy is then achieved.

Figure 1.6: Diagram of a power generator made using the Seebeck effect

1.4.3 Energy conversion efficiency

Knowing the 2T value of a certain material is not enough to calculate the
energy conversion efficiency of a device which is composed of a n-type leg material
and a p-type leg material. The relation between the energy conversion efficiency

and the figure of merit 27T of the two materials is introduced in this section.
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The energy conversion efficiency is related to the figure of merit ZT of the
thermocouples. Here we use the big Z in ZT to differentiate the device ZT from
the material zT". We need to consider both the n-type leg (electrical conductiv-
ity o,, Seebeck S, and thermal conductivity k,) and the p-type leg (electrical
conductivity o,, Seebeck S,, and thermal conductivity x,) in the calculation of
the device Z as shown in Equation 1.9. In order to achieve the highest figure of
merit of the thermocouple, the two legs need to match each other to satisfy the
geometry conditions [3].

The device Z is given by the following equation:

(Sn — Sp)2
[(Fn/0n) ' + (Kp/0p) 2]

Z = (1.9)

Although there’s a minus sign between the Seebeck coefficient .S,, and .S, it doesn’t
mean that we should subtract S, from S, since the sign of S, is negative. The
correct understanding is that we add the absolute value of the n leg Seebeck
coefficient and p leg Seebeck coefficient and square it to get the numerator.

If we know the maximum temperature difference AT},,, in a Peltier cooler,
we can use it to calculate the ZT 0., with Equation 1.10 [1], [3].
_IT?

AT e = Tl (1.10)

The relation between the TE generator efficiency n and the device ZT is

described in Equation 1.11 [1], [3].

B AT V1I+ZT -1
" Thot V14 ZT + Teota)Thot

(1.11)

where Ty, is the temperature of the heat source and T.,q is the temperature
of the heat sink. The energy conversion efficiency of devices also depends on
the compatibility between the n-type and p-type legs. If the n-type and p-type

materials are incompatible, then the device ZT can be much lower than the 2T



of the materials [21].
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Chapter 2

Sample synthesis and

characterization methods

As we discussed in the section of the figure of merit z7', the good ther-
moelectric material needs to have a decent power factor ¢.5% and a low thermal
conductivity x. Besides, we expect that the experimental result should be repro-
ducible and that put a requirement on the sample quality. The sample needs to
be as homogeneous as possible and better to have only single phase. An inhomo-
geneous sample may have a wide range fluctuation of the distribution of elements
inside it and that may affect the overall transport properties. A sample with a
second phase tends to be inhomogeneous especially in a doped sample. Because
the doping particles may form a second phase with one of the matrix elements and
that distribution of the second phase is usually inhomogeneous. Another possibil-
ity that may cause the inhomogeneity is: when the doping level is high, the doping
particles can cluster at certain positions in the alloy matrix and leave the other
space with less doping particles. In this chapter, we introduce the experimental
methods on how to make Bi-Sb and Si-Ge alloys with good quality and how to

characterize samples’ compositional and transport properties.
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2.1 Sample synthesis methods

We have applied the following procedures to make Bi-Sb alloys and Si-Ge

alloys.

Melt spinnin
Elements Furnace As-cast 2 =

ingot

Es

EE o)
I B

f* Cut and polish

Rectangular bar

=

Figure 2.1: The typical sample making procedures of Bi-Sb

Procedures to make the Bi-Sb alloys:

Weigh the elements — put the elements into a quartz tube — vacuum the
tube — put the quartz tube into a furnace — get the ingot out of the quartz tube
and break the ingot into pieces — put the pieces into a quartz tube with a small
hole — put the tube into the melt spinning system — vacuum the chamber of
the melt spinning system — perform the melt spinning and collect the ribbons —
powderize the melt spinning ribbons — put the powder into the graphite mold
— put the mold into the chamber of the spark plasma sintering (SPS) system —
vacuum the chamber and backfill it with argon — perform the sintering process —
take the compact disk formed in the SPS process outside the mold — polish the
surface of the disk and cut the disk into a rectangular bar — polish the sample
again until it shows shiny metallic surface — measure the sample’s transport
properties on the physical properties measurement system

Figure 2.1 shows the pictures of most of the procedures described above.

To make the Si-Ge alloys, we apply the ball mill method to powderize the
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particles instead of using melt spinning. Besides, we use the ZEM-3 system to
characterize the transport properties instead of using PPMS. The other procedures
are similar to the procedures to make Bi-Sbh.

Procedures to make the Si-Ge alloys: Weigh the elements — put the elements
into a ball mill jar — ball milling for several hours — collect the ball milled powder
from the jar — put the powder into the graphite mold — put the mold into the
chamber of the spark plasma sintering (SPS) system — vacuum the chamber and
backfill it with argon — perform the sintering process — take the compact disk
formed in the SPS process outside the mold — polish the surface of the disk and
cut the disk into a rectangular bar — polish the sample again until it shows shiny
metallic surface — measure the sample’s transport properties on ZEM-3 system

The sample making process can be categorized to three parts: preprocess
which involves the experiments on how to prepare powder for sintering; in-process
which is the sintering process in the SPS system; and postprocess which involves
the afterwards treatment of the SPSed disk and make it prepared for the transport
properties measurements. I'll introduce the processes separately in the following

sections.

2.1.1 Preprocess

The preprocess of the Bi-Sb alloys includes melting the elements into the
as-cast ingot in the furnace and applying the melt spinning with the broken pieces
of the ingot. While for the Si-Ge alloys, ball milling is required to obtain the fined

powder with nano-size particles.

Furnace

To prepare the as cast ingot of the Bi-Sb alloys, we first need to weigh the
elements according to the compositions that we need. The elements are from
the Sigma Aldrich and Alfa Aesar company with purity of 99.999%. We put the

bismuth and antimony particles into a quartz tube. The quartz tube is vacuumed



17

to avoid the oxidation effects. Bismuth and antimony can form oxides if exposed
to oxygen. The existence of bismuth oxides and antimony oxides are not good for
the overall thermoelectric properties of the Bi-Sb alloys. Then we seal the quartz
tube and put it into a furnace. The melting point of bismuth is 271.5 °C and the
melting point of antimony is 630.63 °C. We set the temperature to be 800 °C to
melt normal Bi-Sb alloys and raise it to 875 °C if some dopants with high melting
point (germanium, iron and nickel) are added into the alloy matrix. After the
furnace reach the setting temperature, we let it stay at the temperature for 1 ~
3 hours and shack the tube 1 ~ 2 times with a pincer during the period. After
that, we take out the quartz tube and quench it into liquid nitrogen or water.
This quench process is meant to decrease the segregation effect in Bi-Sb alloys
[22], [23]. If the temperature decreasing rate is very high, then there is no time for
bismuth particles and antimony particles to diffuse and segregate. We find that
the difference between using water and liquid nitrogen is small. The as-cast ingot
after quench is not homogeneous, we need to apply the melt spinning technique

to increase the homogeneity of the samples.

Melt spinning technique

Melt spinning is a technique that can make thin metal ribbons from molten
alloy with a high cooling rate [24]. It is used to produce the ribbon of amorphous
materials. Since the cooling rate is very high, there is no time for molten alloy to
crystalize before it turns into solid. Amorphous phase is then formed. For Bi-Sb
alloys, we apply the melt-spinning mostly for the purpose of getting homogeneous
samples.

We break the ingot into small pieces and put them into the quartz tube
again. A small nozzle is left on the quartz tube so that the molten alloy can
be pushed out there. The chamber of the melt spinner is vacuumed and then
backfilled with argon gas. The basic set-up for the melt spinning system is shown

in Figure 2.2. During the melt spinning process, an alternating current passes



Figure 2.2: The set-up of the melt spinning
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through the induction coil and the alloy in the quartz tube becomes melted. Then
we turn on the argon gas pressure. The liquid alloy is pushed by the gas and hits
on the rotating copper wheel. The surface linear velocity of the wheel is controlled
between 10 m/s and 30 m/s. As the wheel rotates, the shear force between the
wheel and the molten alloy helps form thin metal ribbons. The viscosity of the
molten alloy is expected to be low to get high quality ribbons. Otherwise, if the
molten alloy drops discretely from the nozzle and the liquid drop is relatively big,
then thin ribbons may not be formed, instead we may get some small circular
sheets of metal piece which are usually not as homogeneous as thin ribbons. This
process happens very fast, and the cooling rate can be as high as on the order of
10* ~ 10° Kelvins per second (K /s). With such a high cooling rate, the segregation
between bismuth and antimony particles can be effectively avoided.

Depending on the materials, there are some factors that can affect the quality
of the melt-spun ribbons [25]-[27].

1. The nozzle size: the nozzle size we used is between 0.5 mm and 1 mm.
This can affect the width of the ribbons.

2. The distance between the nozzle and the copper wheel: we set up the
distance to be in range of 1 ¢m to 2 ¢m. This can affect the thickness of the
ribbons.

3. The surface linear velocity of the copper wheel: this can affect the thick-
ness of the ribbons. We have measured the transport properties of two Bi-Sb
samples made using wheel velocity of 10 m/s and 30 m/s and there is no signifi-
cant difference between those two samples.

The ribbons of Bi-Sb are brittle, we can put the ribbons into a mortar and
powderize them using a pestle. After that, the homogeneous Bi-Sb alloy powder

is well prepared.
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Ball milling

To prepare the powder for Si-Ge alloys, ball milling method is applied. Ball
milling method is a kind of grind/mechanical alloy methods which utilizes the
mechanical interaction between material particles and metal balls to grind the
particles and form alloy [28].

Figure 2.3 shows the ball jar, metal balls, and the inside set-up of the ball
mill machine. We first put three big balls of diameter 11 mm and five small balls
of diameter 5.5 mm in the ball mill jar with silicon and germanium particles.
The balls and jar are made of stainless-steel. Then we seal the jar in the glovebox
under argon atmosphere. After we put the ball mill jar in the machine and tighten
the holder, we can start the ball milling process. The holder of the jar oscillates
during the process, so that the material particles collide with the balls inside the
jar. The holder oscillates at a high frequency of ~ 1000 rpm. The high energy
during the collision helps break the particles into smaller pieces and finally into
nano-size powder.

In order to get Si-Ge powder with good quality, we set the ball milling time
to be eight hours. In every two hours, we let the machine stop and wait for 30
minutes. This is to avoid the excess heat that may affect the powder during the
ball milling process. The collision between the balls and the inner surface will
generate heat and raise the temperature of the ball mill jar. After eight hours ball

milling, we can collect the Si-Ge powder and it is ready for sintering.
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Figure 2.3: (a) Ball mill jar with steel balls inside it (b) Set-up of the jar in the
ball mill machine



22
2.1.2 Inprocess

As we have the alloy powder ready, here comes to the stage that we need

to compact the powder into a solid disk. The spark plasma sintering technique is

applied to fulfill the task.

Spark plasma sintering system
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Figure 2.4: (a) The SPS power boxes and the SPS chamber (b) The inner structure
of the SPS chamber (c) A typical graphite die with two graphite punches

Spark plasma sintering is a sintering technique with electrical current and
mechanical pressure participated in the process [29].

Figure 2.4 (a) shows the SPS power boxes and the external appearance of
the SPS chamber. Before the sintering process, we put the alloy powder inside
a graphite die (Figure 2.4 (c)) and then place the die in the SPS chamber. The
chamber is then vacuumed and backfilled with argon. The graphite die, graphite

punches, and the graphite blocks are lined up as shown in Figure 2.4 (b). The
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mechanical pressure is applied in the vertical direction. During the sintering pro-
cess, the electrical current goes through the graphite die directly. As the current
increases, the temperature inside the die rises. With the help of both the pressure
and the heat, the powder inside the die forms bond with each other and finally
becomes a solid disk. Compared with conventional hot press technique, SPS heats
the sample internally rather than externally. It makes the heating rate to be high
and less time to solidify the sample inside the graphite die. Since the time dur-
ing the SPS process is not long, we have less particle growth during the sintering
process which can benefit the mechanical properties [30].

In order to achieve the theoretical density of the alloy, we usually need to
set the SPS temperature to be 80% to 90% of the melting points of the alloy. For
undoped Bi-Sb alloys, the SPS condition is 240 °C, 50 MPa for 15 mins. For p-type
doped Bi-Sb alloys, since the solubility of the dopants Ge, Sn, and Pb is low in the
Bi-Sb matrix, we apply a “high pressure low temperature (HPLT)” SPS condition.
Together with the melt spinning technique which avoids the diffuse of the dopants
during cooling, this special SPS condition can help prevent the precipitates of the
dopants during heating and successfully make the dopants stay embedded in the
alloy matrix.

The main SPS set-up difference between the Bi-Sb alloy and the Si-Ge alloy
is that the Bi-Sb alloy has a low melting point, and we should set low SPS tem-
perature and use the thermocouple to measure the temperature during sintering.
While for the Si-Ge alloy which has a higher melting point, we need to set high
SPS temperature and use the pyrometer to detect the temperature change of the
alloy powder. The melting points and the atomic radii of the main chemical el-
ements used in the experiments are listed in Table 2.1. The atomic radii will be
used to help explain the doping efficiency in later chapters.

The detailed SPS conditions for Bi-Sb and Si-Ge are shown in Table 2.2 and

Table 2.3. The SPS conditions for Bi-Sb will be mentioned again in Chapter 3.
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Chemical element Melting point Atomic radius
Bi 271.5 °C 156 pm
Sb 630.63 °C 140 pm
Ge 938.25 °C 122 pm
Sn 231.93 °C 140 pm
Pb 327.46 °C 175 pm
Ni 1455 °C 124 pm
Fe 1538 °C 126 pm
Mn 1246 °C 127 pm
Pt 1768.3 °C 139 pm
Te 449.51 °C 140 pm
Si 1414 °C 111 pm
Mo 2623 °C 139 pm
B 2076 °C 90 pm
p 590 °C 107 pm (covalent radius)

Table 2.1: Melting points and atomic radii of the chemical elements used in the
experiments

Bi-Sb SPS conditions
Trivial SPS 240°C (50 MPa) 15 mins
HPLT RT (500 MPa) 10 mins, 150°C (50 MPa) 5 mins

Post High-pressure  240°C (50 MPa) 15 mins, RT (500 MPa) 2 hours

Table 2.2: Different SPS conditions for sintering Bi-Sb alloys (HPLT represents
"high pressure low temperature’ and RT represents 'room temperature’)

SPS conditions

Si-Ge 900°C (50 MPa) 15 mins, 1050°C (50 MPa) 5 mins
Si-Mo 900°C (50 MPa) 15 mins, 1150°C (50 MPa) 5 mins

Table 2.3: SPS conditions for sintering Si-Ge and Si-Mo alloys
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2.1.3 Postprocess

With the help of the spark plasma sintering, we can get a solid alloy disk.
But the surface of the disk is covered with a layer of graphite foil which prevents
the direct contact between the sample and the graphite punches during the SPS
process. We need to cut the disk into a rectangular bar and clean its surface to

perform further measurements.

Cutting

Figure 2.5: (a) The low speed precision sectioning saw (b) The grinding papers
with different grit sizes

A low speed precision sectioning saw (Figure 2.5 (a)) is used to cut the
samples. First, we stick the sample onto an aluminum or steel bar with the glue.
Then we mount the bar on the saw and adjust its position to be cut through.
The cutting time depends on the material and the cutting blade that we use. For
Bi-Sb, it takes about 20 minutes to finish the cutting and for Si-Ge, it takes about

1 hour. As we finish the two cuts in parallel, we can remove the bar from the
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diamond saw and put the sample with bar into a beaker with acetone in it. Then
we put the beaker into an ultrasonic cleaner and let the oscillation of water and
acetone help remove the glue between the sample and the bar and make them

separated.

Polishing

After we finish the cutting, we need to polish the surface of the sample to
remove the graphite foil and get a metallic shiny surface which is important in
characterizing the transport properties later. We select the appropriate SiC sand-
papers (Figure 2.5 (b)) and start polishing from using the rough sandpaper (grit
size: P180) to smooth sandpaper (grit size: P4000). To prepare for the scan-
ning electron microscope and electron backscatter diffraction, we need to polish
the sample further. The polishing cloths and crystalline diamond suspensions are

used to polish the surface of the sample.

2.2 Sample characterization methods

As we finish all the synthesis work, we can start to characterize the properties
of the samples. The characterization can be separated into two parts: the first
part is about the sample phase, the grain topography and the sample composition;

the second part is mainly about the transport property measurement.

2.2.1 Single phase and sample homogeneity check

Since different elements and alloys have different X-ray diffraction patterns,
it is standard to check the sample phase with the X-ray diffraction method. For
the homogeneity of the sample, it will be good if we can find the distribution of
different elemental particles on the surface of the sample. The mapping and the
line scan function of the energy-dispersive spectroscopy can do the work and we

perform the functions on a scanning electron microscope.
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X-ray diffraction
We use the PANalyticalX’Pert pro MPD instrument to perform the X-ray

diffraction on our samples. Figure 2.6 shows an example of the XRD pattern of

the undoped Bi-Sb alloy.
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Figure 2.6: The XRD pattern of undoped BigsSbis
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Scanning electron microscope and energy-dispersive spectroscopy

FEI Quanta LV200 and FEI Quanta 650 instrument are used to get the scan-
ning electron microscope (SEM) images and the energy-dispersive spectroscopy

(EDS) results. Figure 2.7 and Figure 2.8 show the examples of the SEM surface

image and EDS mapping result of the undoped Bi-Sh alloy.
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Figure 2.7: The SEM surface image of undoped BigsSbs
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Figure 2.8: The EDS mapping image of undoped BigsSb;s
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2.2.2 Transport property measurement

The transport properties include the resistivity, the Seebeck coefficient, the
Hall coefficient, and the thermal conductivity.

As we discussed in the section of Seebeck effect, we need to perform the trans-
port property measurement using a four-probe method with 2 potential /temperature
probes and 2 current leads. This set-up can avoid the contact effect between the
sample and the electrodes. In both the physical properties measurement system
(PPMS) and ZEM-3 system, this method takes the place. The low temperature
measurements are performed on PPMS for Bi-Sb samples while the high temper-
ature measurements are performed on ZEM-3 for Si-Ge samples. Let’s introduce

the PPMS first.

Physical properties measurement system

Figure 2.9: The PPMS helium chamber and the operating computers

The Quantum Design physical properties measurement system (PPMS) is
an equipment that has lots of measurement options including the electrical trans-

port option (ETO), the vibrating sample magnetometer (VSM), and the thermal
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Ax

Figure 2.10: The PPMS sample puck and the set-up diagram of the TE alloy on
the puck

transport option (TTO). We mainly use the thermal transport option (TTO) to
measure the resistivity and the Seebeck coefficient of the sample. The measure-
ment range of temperature is from 1.8 K to 400 K. Figure 2.9 shows the appearance
of PPMS.

There is a chamber that we can fill in the liquid helium to decrease the
environment temperature during the measurement. The sample is connected on
a sample puck using the four-probe method as shown in Figure 2.10 and inserted
into a separated space in the chamber. When the measurement goes on, the
space where the sample sit in is at high vacuum. A thermal pulse is applied to
the sample and the corresponding temperature and voltage signals are recorded
[31]. The Seebeck coefficient would be calculated automatically using algorithms
developed for the thermal circuit. After the thermal measurement starts at one
temperature point, the resistivity measurement goes on immediately at the same

temperature point.
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Versalab system and Hall coefficient measurement

(c)

I

Figure 2.11: (a) The Versalab machine (b) The resistivity and the Hall coefficient
sample puck (c¢) The Van der Pauw method of measuring the Hall coefficient

Versalab is also an equipment made by Quantum Design (Figure 2.11 (a)).
It is similar to PPMS. The difference is that Versalab is more portable, and easy
to move compared to PPMS. Besides, the lower bound of temperature in the
measurement is 50 K for Versalab and we do not need to fill the liquid helium
for Versalab since a helium compressor can recycle the helium there. Here we use
Versalab mainly for the Hall coefficient measurement.

The Hall effect is well known. When an electrical current goes along the
length direction of a sample and the magnetic field is perpendicular to the width
length plane, the path of the charge carriers becomes curved because of the mag-
netic force. An electric field will be built along the width direction. At the steady
state, the electric field becomes strong enough to balance the magnetic force.

By measuring the Hall voltage Vi and the thickness of the sample ¢, we can
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calculate the Hall coefficient using the following formula:

Vit

Ry = — 2.1
H= T (2.1)
where [ is the electrical current and B is the magnetic field.
The single channel Hall coefficient Ry can be written as:
1
Ry =— 2.2
T ne (22)

where n is the carrier concentration and e is the unit charge. With the Hall
coefficient, we can calculate the carrier concentration in the alloy.

To perform the Hall coefficient measurement, we follow the Van der Pauw
method [32]. We need to prepare the sample to be a thin square shape plate
(~0.25 mm). Then we put it on a sample puck (Figure 2.11 (b)) and connect four
leads onto it (Figure 2.11 (c¢)). The two current leads are set at the two diagonal
corners and the two voltage leads are set at the two antidiagonal corners. The
direction of the magnetic field is perpendicular to the plane of the sample plate

during the measurement.

ZEM-3 system

ZEM-3 (Figure 2.12 (a)) is designed and produced by the ULVAC company.
It can be used to measure the resistivity and the Seebeck coefficient of samples at
high temperature. The upper bound for the temperature is 1000 °C.

As we have a good rectangular cuboid, we need to measure the width and
depth of the sample. The requirements for the dimensions of the sample are: it
should be 2 to 4 mm square (width and depth) or diameter and 5 to 22 mm in
length.

Then we mount the sample on the stage following the four-probe method
as shown in Figure 2.12 (b). We let the two ends of the sample connecting to

the upper and lower electrodes on the sample stage and two probe thermocouples
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>,

Figure 2.12: (a) The ZEM-3 machine (b) The set-up of the sample and the ther-
mocouples on ZEM-3
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connecting at the middle part of the side face on the sample. We want to avoid the
direct contact between the sample and the electrodes, and the thermocouples. So,
small graphite pieces will be put between the sample and the electrodes, also the
probe thermocouples in the real measurement. We then vacuum the chamber and
backfill the helium gas into the chamber. The measurement is performed under
the low pressure helium atmosphere.

If the set-up is correct, we should get a linear V-I plot showing the ohmic

feature of the sample as we turn on the machine and start the program.

Hot disk method

We have used the hot disk method (also known as the transient plane source
technique) to measure the thermal conductivity of the Bi-Sb samples [18]. Two
identical SPSed disk samples are used in the measurement. The liquid nitrogen
works as the cold stage and the heat source inside a sensor is set between the
two samples. Compared to other thermal conductivity measurement methods,
the main advantage of the hot disk method is that it measures the absolute value
of the thermal conductivity. We don’t need to know the thermal diffusivity and
the heat capacity of the material to calculate the thermal conductivity in the hot

disk method.
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Chapter 3

P-type doping effects in Bi-Sb

alloys

The background information about Bi-Sb alloys and the related research
are introduced in this chapter. After that, we start to discuss the experimental
results of our p-type doped Bi-Sb. The X-ray diffraction (XRD) patterns and the
scanning electron microscope (SEM) images of the Bi-Sb samples are presented.
The transport properties of Ge, Sn, and Pb doped Bi-Sb are measured. We develop
a “high pressure low temperature (HPLT)” sintering method to effectively increase
the doping level of Ge and doping efficiency of Pb in Bi-Sb. The Hall coefficient and
the doping efficiency are discussed with the idea of substitutional acceptors and
interstitial donors [33]. Besides, several strategies to enhance the thermoelectric
(TE) properties of p-type Bi-Sb are discussed in later sections. Finally, we compare
the power factor of the samples made using different strategies. With the thermal
conductivities measured using hot disk method, we calculate the figure of merit
ZT and compare the values with referenced p-type Bi-Sb results. The sample with
the composition BiggSbiaNij Pby s is found to have the highest 27" (~ 0.13 peaks

at 200 K) in the temperature range 130 K ~ 210 K.
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3.1 Background information about Bi-Sb alloys

The TE properties of Bi-Sb have been studied for more than 60 years [34]-
[37]. Researchers have studied samples’ transport behaviors with and without
magnetic field. The strong magneto TE effects have been discovered in this sys-
tem [36], [38]. For six decades, the figure of merit 27" of this system has little
enhancement. Yet it is still the best n-type TE material at cryogenic temperature
(below 150 K). This system not only has decent TE performance, but also pos-
sesses very interesting electronic properties. It is discovered to be a topological
insulator [39]. At certain composition, the resistivity of this system rises fast as
temperature decreases which shows a strong semiconducting behavior. Yet pure
bismuth and pure antimony are semi-metals in which the conduction band overlaps
with the valence band. But as we put those two elements together, the relative
positions of the bands shift as the alloy composition changes and that leads to a
transition from semi-metal to semiconductor. The details will be discussed in the

following sections.

3.1.1 Structure and electronic band properties

Bismuth and antimony both have the rhombohedral crystal structure. Their
lattice parameters are similar to each other which makes it possible for them to
mix into a solid solution no matter what the alloy composition is [40]. Bismuth
and antimony are both semi-metals in which the valence band is overlapped with
the conduction band. The valence band and the conduction band of bismuth are
labeled as the T hole band and L, electron band. The valence band and the
conduction band of antimony are labeled as the H hole band and L, electron
band. The bands parameters are listed in Table 3.1.

These parameters are useful when modelling the transport properties of our
p-type doped Bi-Sb samples. As we can see that the effective mass of the L,

electron band is very small, which leads to a high electron mobility in bismuth
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Carriers my (me) Moy (M) my (M) Ny
Bismuth
Ly 0.00119 0.266 0.00228 3
T 0.064 0.064 0.69 1
Antimony
L, 0.0093 1.14 0.088 3
H 0.068 0.92 0.050 6

Table 3.1: Band parameters for Bi and Sb at 4.2 K [41]

element and Bi-Sbh alloy.

The band structure of the alloy shows a very interesting behavior when we
change the alloy compositions. Figure 3.1 shows the variation of the bands in
Bi-Sb alloys. Let’s start from the bismuth side and see what happens after we

keep adding antimony into the system.

Bi Sb

AR - I

ijs

Increasing Sb

Figure 3.1: Band diagram of Bi-Sb as changing the alloy compositions [37], [42]

For the alloy composition Bi;_,Sb,, when x is less than 0.04, the alloy be-
haves similarly to bismuth with a smaller overlap between the 7" hole band and
the Ly electron band. At z =~ 0.04, the L, electron band and the L, electron
band are inverted. When x increases to 0.07, the 7" hole band is no longer over-

lapped with the electron band and the alloy transforms from a semi-metal into a
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semiconductor. This feature continues until z reaches to 0.22. At that point, the
H hole band rises to the top of the electron band and the overlapping between
the valence band and the conduction band is back. The alloy turns back to be
semi-metallic and this feature continues as we increase x towards 1 which repre-
sents the pure antimony state. To summarize the key point, the Bi;_,Sb, alloy
becomes to a narrow gap (less than 30 meV’) semiconductor when x is in the range

0.07 < x < 0.22. The maximum band gap happens in the range 0.15 < x < 0.17.

3.1.2 Previous TE research on Bi-Sb alloys

In this section, we review the synthesis method and the previous research
on n-type and p-type Bi-Sb alloys. This leads to the path to our own study on

p-type doping effects in Bi-Sb.

Synthesis of single crystal and polycrystalline Bi-Sb

In considering synthesizing the Bi-Sb alloys, one of the most important things
is to avoid the segregation effect. People have applied many methods, such as the
single pass zone-leveling technique [36], the traveling heater method [42], and
the Bridgeman technique [43] to grow single crystals for Bi-Sb. The low growth
rate of the single crystal is helpful to get homogeneous samples. Compared with
the single crystal, polycrystalline samples have better mechanical properties. It
is safer to deal with polycrystalline samples since there is a less chance to break
them during the experiments. The powder metallurgy has been applied to produce
polycrystalline Bi-Sb samples. People utilize the mechanical alloy method, such
as the ball milling [44], to break the bismuth particle and antimony particle into
powder and mix them together. With the help of hot press, polycrystalline Bi-
Sb sample can be successfully produced. Here we have used the melt spinning
technique and the spark plasma sintering method to produce the Bi-Sb alloys and
the details are shown in Chapter 2. It tends out to be a clean way to get the alloy

powder for synthesizing the polycrystalline Bi-Sb samples.
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N-type Bi-Sb related research

Many studies have been done on single crystal Bi-Sb alloys [34], [36]-[38],
[45]-[47]. Undoped Bi-Sb alloy is n-type in which the electron channel dominates
the transport properties. Here we take Yim and Amith’s results [36] as the refer-
ence point as they showed comprehensive data of transport properties along the
two crystalline directions of undoped Bi-Sb. One is parallel to the triagonal axis
in the crystal structure and the other one is in the perpendicular plane to the
triagonal axis. The figure of merit 27 measured in parallel to the triagonal axis
is about 0.55 while in the perpendicular plane is 0.4.

Our group has studied the polycrystalline undoped Bi-Sb [18]. We find that
compared with the single crystal sample, the polycrystalline sample shows higher
resistivity and higher Seebeck coefficient. The single crystal sample has a higher
power factor below 200 K due to its lower resistivity. However, with the help of
the melt spinning and the spark plasma sintering, we make the sample with fine
grains of micron size and that leads to a stronger grain boundary scattering which
significantly decreases the thermal conductivity. As a result, the polycrystalline
sample benefits from the lower thermal conductivity and reaches a 21" peak near

0.6 in the temperature range 100 K ~ 150 K.

P-type Bi-Sb related research

Bismuth and antimony are group 15 elements and they have 5 valence elec-
trons. Ge, Sn, and Pb are group 14 elements and it turns out that they work
as acceptors in Bi-Sb matrix. After adding Ge/Sn/Pb into Bi-Sb alloy, the alloy
transforms from n-type to p-type. The Seebeck coefficient and the Hall coefficient
change the sign as temperature rises. Let’s see what has been done on Ge/Sn/Pb
doped Bi-Sb in previous studies.

Polycrystalline BigsSbys_.Ge, (x = 0, 0.5, 1, 1.5, 2) samples are made and
characterized in the work [44]. As the Ge content increases, the range of the

positive Seebeck coefficient increases. The alloy composition BigsSbizGes shows
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maximum 27" of 0.07 at 140 K. The Hall coefficient is positive below 200 K in
Big5Sbi3Gey. The segregation of Ge is pointed out by the authors since the carrier
concentration of the BigsSbi35Ge; 5 sample is very close to that of BigsSbi3Ges
sample.

For Sn doped Bi-Sb, researches have been done for both the single crystal
and polycrystalline samples. In the work [43], people vary the Sb content from 12
at% to 37 at% in single crystal samples and 50 at% to 90 at% in polycrystalline
samples. The doped Sn content is kept at 0.75 at%. By varying the Sb content,
the relative positions of the bands change. The T hole band, H hole band and the
L, hole band all have a chance to contribute to the transport depending on the
alloy compositions. They report that the multiple valence bands are doped and
contribute to the transport to help enhance the 27" to 0.13 at 240 K for a sample
with 22.9 at% Sb.

In another Sn doped Bi-Sb work [48], researchers keep the Sn content less
than 5 at% and vary the Sb content in the range 7~10 at% and 18~20 at% as those
are the extreme regions to show the semiconducting behavior. They find that Sn
largely decreases the thermal conductivity (from ~ 5 WK 'm™ to ~ WK tm™!
in the temperature range 100 ~ 200 K) of the alloy and that leads to a 2T peak
of 0.08 at 200 K for the sample Bigg55b7.55n4.

(BiggSbi2)100—e M, (M = Pb, Sn; x = 0.005 ~ 3) alloys are studied in the
work [49]. All doped samples show positive Seebeck coefficient when temperature
is below 150 K. The segregation of Pb and Sn in the samples are observed at high
Pb/Sn doping levels.

In the work [50], BigsSbis_Pb, (x = 0, 0.5, 1, 2, 3) samples are made
using the ball milling and SPS method. An impurity phase Pb;Bis is found in
the samples when x > 1. The optimum 27T value of 0.12 is found in the sample
Big5Sb14Pby at 190 K.

As we can see from the previous studies, people have tried to put Ge, Sn,

and Pb into Bi-Sb system. However, the solubility of those elements in Bi-Sb is
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quite low. Segregation happens at high doping levels. It’s important to find a way
to avoid the segregation effect and improve the doping efficiency of the dopants in
the system. Here we have applied the “high pressure low temperature (HPLT)”
method to input more dopants into the alloy system without much segregation

and studied the doped alloys’ transport properties.

3.2 X-ray diffraction and scanning electron mi-
croscope results

We have measured the X-ray diffraction patterns of the Ge, Sn and Pb doped
samples. The results are shown in Figure 3.2. It shows the XRD patterns of un-
doped Big;Sbys, Ge doped BigsSbisGe, (x = 5, 10, 15), Pb-doped BigsSby5Pby 5,
and Sn doped BigsSbi55n,(z = 0.5, 5) samples. The Ge and Pb doped samples
are made using the HPLT method while the Sn samples are made with the trivial
SPS condition. The SPS conditions are shown in Table 2.2. We have compared
the XRD patterns of those samples with the patterns of pure Ge/Sn/Pb and the
binary alloys composed of Bi/Sb and Ge/Sn/Pb. Second phase is not detected in
the samples except for Big5Sbi55ns. Three extra peaks can be observed in the
XRD pattern of BigsSbhi5S5ns and they are corresponding to the phase of Sn-Sb
alloy [51]. The blue triangles point to the positions where three main peaks of
the Sn-Sb phase locate. It is worth noting that the patterns of the high amount
Ge samples (Ge5, Gel0O, and Gel5) are clean. We do not find any signal for
precipitated Ge in those samples.

We have performed SEM and EDS to study the grain size and the homogene-
ity of the Bi-Sb samples. Here we can see the SEM images of the well-polished
surface of Bi-Sb alloy in Figure 3.3. (a)(b)(c)(d) are the different spots on the
surface. They all show clear grain boundaries and the grain size is several microns
on average.

Figure 3.4 are the electron backscatter diffraction (EBSD) images. The
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Figure 3.2: XRD patterns of Ge, Sn, and Pb doped Bi-Sb
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Figure 3.3: SEM images showing the grains on the surface of undoped Bi-Sh
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different color shows the grains with different crystal orientations. (a)(b) are two
different spots on the sample surface. The black dots and lines are the polishing

scratches on the sample.

(b) =4

Figure 3.4: Electron backscatter diffraction (EBSD) images of undoped Bi-Sb

Figure 3.5 are the SEM images of the sample’s cross section. Again, we can

see the grains of micron size in the image.

Figure 3.5: SEM images of the cross section of undoped Bi-Sb

We have compared the homogeneity of the as-cast ingot and the sample
made using the melt spinning (MS) + the spark plasmon sintering (SPS). The
mapping and line scan results (Figure 3.6 and Figure 3.7) clearly show that the
MS+SPS sample is much more homogeneous than the as-cast ingot. The average

fluctuation of the particles’ distribution is within 3 at%.
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Figure 3.6: EDS mapping: (a) showing the distribution of Bi and Sb in the as-cast
ingot; (b) showing the distribution of Bi and Sb in the MS+SPS disk; (c) showing
the distribution of Sb in the as-cast ingot; (d) showing the distribution of Sb in
the MS+SPS disk
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Figure 3.7: The EDS line scan results of the as-cast Bi-Sb ingot and the MS+SPS
Bi-Sb disk
3.3 Resistivity, Seebeck coefficient, and Hall co-

efficient results of pure Ge, Sn, and Pb doped
Bi-Sb

To set the benchmark, we have studied the transport properties of pure Ge,
Sn, and Pb doped Bi-Sb (BigsSbi5(Ge, Sn, Pb),) first. The solubilities of Sn, Pb
and Ge in Bi-Sb alloy are known to range from ~ 3 to ~ 0.5 to zero atomic percent,
respectively. With the help of the melt spinning technique and the spark plasma
sintering, we can successfully dope Ge, Sn, and Pb into Bi-Sb. Furthermore, we
apply the “high pressure low temperature (HPLT)” method to increase the doping

level of Ge and doping efficiency of Pb in Bi-Sbh.
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3.3.1 Ge doped Bi-Sb

Among Ge, Sn, and Pb, Ge has the lowest solubility (~0 at%) in Bi-Sb.
The resistivity and the Seebeck results of the samples made using the trivial SPS
condition and the HPLT method are shown in Figure 3.8 and Figure 3.9. It can
be seen that after increasing the Ge content up to Ge2, the resistivity and the
Seebeck of the trivial Ge doped samples don’t change much if we keep adding
more Ge into the system. The Ge particles are saturated in the alloy and the
doping level is capped to a certain extent. The resistivities of those samples are
relatively high. After we apply the HPLT method, we can see that the resistivities
drop significantly by comparing the results of Ge0.1 & Ge0.1 (HPLT), and Ge2 &
Ge2 (HPLT) samples. This indicates an increase of the carrier concentration in

the alloy and we will discuss about it in detail in the section of the Hall coefficient.
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Figure 3.8: Resistivity of Ge doped BigsSby; samples

In the resistivity graph and the Seebeck graph, we can consistently find
the turning point feature for all the samples. This is because the band gap of

Bi-Sb system is very small (10 ~ 24 meV [34], [37], [42], [52]) and the electron
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Figure 3.9: Seebeck of Ge doped BigsSbi; samples

mobility of this system is relatively high [40]. With such a small band gap and
high electron mobility, the electron channel is easily excited as the temperature
rises and contributes to the transport. This leads to the decrease of the resistivity
and the Seebeck at relatively low temperature. So, the turning point (peak) on
the resistivity and the Seebeck curves appears. Moreover, as we increase the Ge
content, the peak of the resistivity and the Seebeck shifts to higher temperature
and the positive Seebeck range broadens.

Next, we input more Ge into Bi-Sb using the HPLT method and see if Ge
would be saturated in the matrix in this case. The resistivity and the Seebeck
results are shown in Figure 3.10 and Figure 3.11.

Interestingly, the resistivity and the Seebeck become larger as we keep in-
creasing the Ge content. The resistivity and the Seebeck curves tend to be more
metallic. They increase linearly in a broad temperature range until the electron
channel becomes strong enough to curl the curve. The Ge particles are not sat-
urated. The resistivity increases at first from Ge5 to Ge2, and then decreases a
little from Geb to Gel0, finally increases again from GelO to Gelb. The increasing

and decreasing of the resistivity are determined by how adding Ge would affect
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Figure 3.10: Resistivity of BigsSbis samples doped with high content of Ge (2~15)
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Figure 3.11: Seebeck of BigsSbis samples doped with high content of Ge (2~15)
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Figure 3.12: Power factor of Big5Sb;5 samples doped with high content of Ge
(2~15)
the carrier mobility and carrier concentration in the samples. If it decreases more
of the mobility, then resistivity increases. If it increases more of the carrier con-
centration, then resistivity decreases. The Seebeck curve shows a more continuous
change with respect to the Ge content. As we keep adding more Ge into the sys-
tem, the Seebeck peak rises. We calculate the power factor of those samples, the
results are shown in Figure 3.12. We can find that Gel(O sample has the highest
power factor above 150 K. Its peak value is 0.92mWm 'K 2 at around 230 K.

We use the SEM and EDS to study the Ge distribution in Bi-Sb samples
doped with high content of Ge. Figure 3.13 shows the EDS spectrum result of
the Gel0 sample. Spectrum 5 shows the atomic ratios (%) of Bi, Sb, and Ge are
(77.3, 14.0, 8.7). Spectrum 6 shows the ratios as (77.9, 13.1, 9.1). Those values
are close to the expected value (77.3, 13.6, 9.1).

Figure 3.14 shows the EDS mapping results of the Gel5 sample. We don’t
see any obvious nonuniform distribution of Ge particles. Ge atoms are distributed
homogeneously in Bi-Sb solid solution in micro-scale based on the uniform density

of bright blue dots shown in the EDS mapping and the respective atomic ratios
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Figure 3.13: SEM image and EDS spectrum of BigsSb15Geqq
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Figure 3.14: SEM image and EDS mapping of Big5Sbi5Geqs
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of Bi, Sb and Ge at different spots on the sample. We choose the several regions
to measure the Ge content and the measured element distributions are all close to
the expected composition values. The scale of the electron image is 10 pm. The
atomic ratios (%) of Bi, Sb and Ge are (73.6, 13.0, 13.4), (73.8, 13.1, 13.1), (73.8,
12.6, 13.6) at point A, B and C, respectively, which are close to the expected value

(74, 13, 13). Red mapping: Bi; green mapping: Sb; blue mapping: Ge.

3.3.2 Sn doped Bi-Sb
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Figure 3.15: Resistivity of BigsSbi5 samples doped with Sn

Sn has a higher solubility (~ 3 at%) in Bi-Sb than Ge and Pb. It has
been better studied than Ge and Pb since it’s easier to dope Sn into the system.
The best figure of merit 27" in the system of p-type Bi-Sb is found to be the single
crystal Sn doped Bi-Sb which shows a 27" of 0.13 at 230 K [43]. We have measured
the transport properties of Sn doped Bi-Sb ranges from Sn0.01 to Sn5 made using
the trivial SPS condition. The results are shown in Figure 3.15 and Figure 3.16.

The resistivity shifts up first as we add Sn into the system, and then it shifts
down. This corresponds to the transition behavior from n-type semiconductor

to p-type semiconductor. Adding p-type dopants moves the chemical potential
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Figure 3.16: Seebeck of BigsSbis5 samples doped with Sn

towards the valence band. The dopants in the matrix increase the carrier scattering
rate. Those two factors have influence on the carrier concentration and the carrier
mobility. As a result, the resistivity changes. The major charge carriers are
electrons in the n-type samples. Due to the constraint of the charge neutrality,
adding p-type dopants would decrease the electron concentration. Because of the
enhanced scattering, the electron mobility decreases too which leads to a larger
resistivity. After adding the p-type dopants to a certain amount, the major charge
carriers in the system become to holes. The hole concentration increases if we keep
adding p-type dopants and this can lead to a lower resistivity.

We detect the Sn-Sb phase in Snb sample as we discussed in the section
of the X-ray diffraction patterns. The viscosity of the Sn5 doped Bi-Sb molten
alloy is higher compared with lower amount of Sn doped alloys. This becomes an
obstacle to produce melt-spun ribbons with high quality. This also happens for
Pb doped samples. When the Pb content increases, the viscosity of the molten
alloy increases. We cannot get good melt-spun ribbons for those samples. If the
ribbon quality is not good, second phase usually appears in the sample.

The Sn doped samples show a strong metallic behavior at relatively low tem-
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perature (Sn0.5, below 150 K; Sn5, below 250 K). Similar to Ge, adding more Sn to
the system shift the resistivity peak and the Seebeck peak to higher temperature

and broaden the range of the positive Seebeck.

3.3.3 Pb doped Bi-Sb
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Figure 3.17: Resistivity of BigsSbi5 samples doped with Pb

The solubility of Pb (~ 0.5 at %) is higher than Ge and less than Sn in Bi-
Sb. Figure 3.17 and Figure 3.18 show the resistivity and the Seebeck of Pb doped
samples. The samples made using the trivial SPS condition show the similar
saturation effect as the Ge doped samples. The Pbl and Pbl.5 samples do not
have much difference on resistivity and Seebeck. After we apply the HPLT method,
we can find that the Pb0.5 (HPLT) shows a more p-type behavior than Pbl and
Pb1.5 which indicates that doping becomes more effective with the HPLT method.
Adding lower amount of Pb with the HPLT method shows higher Seebeck than
higher amount of Pb doped samples made using the trivial SPS condition. The
Seebeck peak value rises and the range of the positive Seebeck broadens. It is
consistent with the Ge results that the HPLT method is helpful on doping low

solubility elements in Bi-Sb.
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Figure 3.18: Seebeck of Big5Sbis samples doped with Pb

The molten high amount Pb doped sample has a high viscosity and we cannot
get ribbons with good quality for the sample. Also, considering the toxicity of Pb,
we do not add as much Pb as Ge and Sn in Bi-Sb.

3.3.4 Undoped Bi-Sb made using the HPLT method

It’s important to see if the HPLT method affects the undoped Bi-Sb and
the results are shown in Figure 3.19 and Figure 3.20. It is confirmed that the
resistivity and the Seebeck doesn’t change much after we apply the HPLT method
to undoped Bi-Sb which indicates that this method mainly involves the doping

process in Bi-Sb rather than Bi-Sb itself.
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Figure 3.19: Resistivity comparison between trivial undoped and HPLT undoped

BigsSbis samples
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3.3.5 Power factor of Ge, Sn and Pb doped Bi-Sb
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Figure 3.21: Resistivity of Big;Sbis samples doped with Ge, Sn, and Pb

We plot the Ge, Sn, and Pb results together in Figure 3.21, Figure 3.22,
and Figure 3.23 to make comparison between the samples with different kinds of
dopants. In the power factor (PF) plot, the rising part after the turning point
at PF = 0 corresponds to the n-type region. We only focus on the p-type region
which is before the turning point.

The highest Seebeck value is around 80 1V K ! and several different samples
possess this value including Ge0.1 (HPLT) at 70 K, Pb0.1 (HPLT) at 110 K, Pb0.5
(HPLT) at 180 K, and Geb (HPLT) at 230 K.

It can be seen that Pb0.5 (HPLT) has the highest power factor (~ 1.1 mWm™!
K~2) between 120 K and 180 K. Sn0.5 is also of interest because of its decent power
factor (~ 1.0mWm ' K~?) and its low toxicity compared to Pb. Although Sn5
sample has the highest power factor, it peaks around 250 K. In the temperature
region below 200 K, it’s not as good as Sn0.5 and Pb0.5 (HPLT) samples.
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Figure 3.22: Seebeck of BigsSbi5 samples doped with Ge, Sn, and Pb
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3.3.6 Hall coefficient and the doping efficiency of Ge, Sn,
and Pb in Bi-Sb
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Figure 3.24: Hall coefficient of BigsSbs samples doped with Ge, Sn, and Pb in
linear scale

We plot the Hall coefficient and the carrier concentration of Ge, Sn, and Pb
doped Bi-Sb samples in linear scale (Figure 3.24 and Figure 3.25) and logarith-
mic scale (Figure 3.26 and Figure 3.27). The Hall coefficients of those samples
are measured from room temperature down to 50 K. The carrier concentration is
calculated using the single band approximation Equation 3.1. The hole concentra-
tions are constant for most of the samples below 100 K at which the hole channel
dominates the transport behavior. The discrete points on curves represent the
turning points of sign. After that turning point, the Hall coefficient changes the
sign which means the major carriers in the alloy change from holes to electrons.
The increased value of the carrier concentration doesn’t represent the real increase
of the hole concentrations. Rather it should be interpreted as the competition be-
tween the hole channel and the electron channel which leads to a smaller Hall
coefficient. If using the single band Hall formula, we then calculate a large carrier

concentration value.
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Figure 3.25: Carrier concentration of BigsSbis samples doped with Ge, Sn, and
Pb in linear scale
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60

1E+27 ! ! ! : =

1E+26

-0-Ge0.1 (HPLT)
: . . | -Ge05
! ; L o0 -Ge0.5 (HPLT)
1E+25 [ P E -D-Ge5(H{PLT) ”””””
' : | 0-Sn0.1 |
| &-Sn0.5
| O-Sn5 |
0-Pb0.1 (HPLT)
i | 5 | | 2-Pb0.5 (HPLT)
1E+24 i i i i i i
0 50 100 150 200 250 300 350
T(K)

carrier concentration (m-3)

Figure 3.27: Carrier concentration of BigsSbi5 samples doped with Ge, Sn, and
Pb in logarithmic scale

where Ry is the Hall coefficient, e is the unit charge, and p is the hole concentra-

tion.
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Figure 3.28: The blue circles represent alloy matrix. (a) The red circles represent
substitutional dopants. (b) The green circles represent interstitial dopants.

We can make the assumption that each Ge/Sn/Pb atom in Bi-Sb matrix



61

either be a substitutional acceptor or an interstitial donor and then calculate the
doping efficiency. Figure 3.28 shows the diagram of substitutional occupation and
interstitial occupation in an alloy matrix. The doping efficiency is defined below
[53]:

p
Ndoping = N— (3.2)

where p is the hole concentration and N, is the acceptor concentration. The

Ge/Sn/Pb doping efficiency are calculated and shown in Table 3.2.

Gep1 Geps Ges Sngi Snos Sns  Pbyy Pbos
Doping efficiency (%) 24.7 35.7 127 20.0 36.7 21.0 57.7 63.1

Table 3.2: The doping efficiency of the doped BigsSbi5(Ge, Sn, Pb), samples.

The doping efficiency of Ge is comparable to Sn when the content of Ge and
Sn is low. When we increase the Ge and Sn to Geb and Snb, we can see that
the doping efficiency decreases. This can be explained with the local clustering
of the dopant atoms. If the dopant atoms cluster together in the Bi-Sb matrix,
they do not effectively occupy the substitutional sites or interstitial sites in the
matrix. This leads to a lower doping efficiency. The doping efficiency of Pb is the
highest among Ge, Sn, and Pb. We can see that the carrier concentration of Pb0.1
sample is larger than Ge0.1 and Sn0.1 samples. The same is true for Pb0.5 sample
compared to Ge0.5 and Sn0.5 samples. It can be explained using the atomic radius
and interstitial and substitutional sites. The atomic radii of Bi, Sb, Ge, Sn, and
Pb are 156 pm, 140 pm, 122 pm, 140 pm, and 175 pm respectively. We can find
that the Pb atom has the largest atomic radius among all the elements considered
above. So, it has a larger possibility to occupy the substitutional sites rather than
go into the interstitial sites. This leads to a higher hole doping efficiency for Pb
since we can have more substitutional acceptors in Pb doped samples. The atomic
radii can also help explain why we can input much Ge into the Bi-Sb alloy. Since

the atomic radii of Ge is significantly smaller than Bi and Sb, there are enough
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space for Ge particles to go into the Bi-Sb matrix.

3.4 Strategies to enhance the thermoelectric per-
formance of p-type Bi-Sb

In this section, we discuss several strategies that we apply to improve the
power factor of p-type Bi-Sb alloys. All the samples discussed in this section are
made using the HPLT method except for pure Sn doped samples and the post

high-pressure samples.

3.4.1 Ge + Pb/Sn codoped Bi-Sb

We are interested in the high content Ge doped samples since it is an in-
novative work. Because Pb has a higher doping efficiency than Ge, we decide to

codope some Pb with Ge and see if the TE properties can be enhanced.
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Figure 3.29: Resistivity of Bigs;Sbhi5 samples codoped with Ge and Pb

As Figure 3.29, Figure 3.30, and Figure 3.31 show, Pb can significantly de-

crease the resistivity and broaden the positive Seebeck range. At low temperature,
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Figure 3.30: Seebeck of BigsSbis samples codoped with Ge and Pb
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the Seebeck decreases because of the higher carrier concentration. This can be ex-
plained using Equation 1.8. The power factor benefits from the low resistivity.

Ge5Pbl sample has the highest power factor 1.38 mWm 'K 2 around 250 K.
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Figure 3.32: Resistivity of Big;Sbis samples codoped with Ge and Sn

Figure 3.32, Figure 3.33, and Figure 3.34 show the results of Bi-Sb codoped
with Gelb and a little amount of Sn. We are interested in the properties of Gelb
sample. A little amount of Sn is added into the system in order to optimize
its resistivity. After adding Sn, the resistivity decreases a little and the Seebeck
increases a little which leads to an enhanced power factor. The maximum of the
power factor of Gel5Sn0.3 sample is about 1mWm 'K =2 at 230 K. This is an
interesting effect because we expect the resistivity to decrease and also the Seebeck
to decrease a little due to the increase of the carrier concentration after adding
Sn. But the Seebeck increases instead, this indicate that a little amount of Sn
can affect the density of states effective masses of Big5SbisGers system and also
change the carrier concentration. A lot of Ge particles go into the interstitial sites

which leaves space for Sn to take the substitutional sites and work as acceptors.
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3.4.2 Transition metal + Sn/Pb codoping effects

In this subsection and the next subsection, we discuss the codoping effects
of transition metals and Te with Sn/Pb in Bi-Sb alloys. We are inspired to put
transition metals/Te with Sn/Pb in Bi-Sb by the doping effects of pure Ni/Te in Bi-
Sh. Figure 3.35 and Figure 3.36 show the resistivity and the carrier concentration
of the Ni doped Bi-Sb and the Te doped Bi-Sb samples. We find that both Ni and
Te are n-type dopants while Te is much more effective than Ni. The Te doped
Bi-Sb shows a metallic behavior and its carrier concentration is several orders
higher than Ni doped and undoped Bi-Sb. Knowing the resistivity and the carrier
concentration, we can calculate the electron mobility of the sample. We find that
the mobility decreases a lot in Ni/Te doped samples compared with undoped Bi-
Sb. This is a useful information. We observe that the Seebeck of the p-type Bi-Sb
samples crashes when temperature rises and that is because of the participation of
the electron channel in the transport. If we can weaken the electron channel, then
there is a chance that the Seebeck can last to higher temperature. By putting

Ni/other transition metals/Te in p-type Bi-Sb samples, we can test the idea.
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Figure 3.35: Resistivity of BigsSbi5 samples doped with Ni or Te
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Figure 3.36: Carrier concentration of BigsSbys samples doped with Ni or Te

Transition metal + Sn codoping effects

Figure 3.37 and Figure 3.38 show the results of Ni+Sn and Pt+Sn codoped
Bi-Sb samples.

We find that adding Ni or Pt increases the resistivity, Seebeck coefficient of
the samples. We measure the Hall coefficient and calculate the carrier concentra-
tion of NilSn0.5 sample. Interestingly, adding Ni increases the hole concentration
compared with Sn0.5 sample as shown in Figure 3.39. This can be explained as
following: The atomic radius of Ni is 124 pm while the atomic radii of Bi, Sbh,
and Sn are 156 pm, 140 pm, and 140 pm, respectively. Since the radius of Ni
is smaller than Bi, Sb, and Sn, Ni tends to occupy the interstitial sites. Thus,
there is less chance for Sn to occupy the interstitial sites. Compared with pure
Sn doped Bi-Sb samples, more Sn atoms may occupy the substitutional sites in
Ni-Sn codoped Bi-Sb samples and work as acceptors.

The power factors are calculated and shown in Figure 3.40. NilSn0.5 sample
shows the highest power factor, around 1.21 mWm 'K ~2 at 180 K. It’s benefited

from the enhanced Seebeck. The resistivity of the Pt-Sn codoped sample is too
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Figure 3.38: Seebeck of Big;Sbhis samples codoped with transition metals and Sn
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Figure 3.41: SEM image and EDS mapping of a Bi-Sb sample doped with Ni2

Ni seems to be promising to enhance the TE performance of p-type Bi-Sh.
However, adding too much Ni increases the viscosity of the molten alloy during the
melt spinning process and this leads to the Ni-Sb phase. We can see the SEM/EDS
results in Figure 3.41. Ni-Sb particles can be clearly seen in the mapping images.
The second phase lowers down the effectiveness of Ni and we find that the power

factor of Ni2Sn0.5 sample is smaller than that of NilSn0.5.

Transition metal + Pb codoping effects

Pb is codoped with Ni, Fe, and Mn in Bi-Sb samples. The results are shown
in Figure 3.42, Figure 3.43, and Figure 3.44. The changing trend of the resistivity
and the Seebeck are similar to what happens in the transition metals+Sn codoped
samples. We can observe a trend that the high resistivity corresponds to the
high Seebeck. This can be explained with the carrier concentration. When the
resistivity is high, the carrier concentration is relatively low and that leads to the
relatively high Seebeck.

Adding Ni, Fe, and Mn raises the resistivity and the Seebeck of Pb doped

Bi-Sb samples. The resistivity and the Seebeck shift up much more for FelPb0.5
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Figure 3.42: Resistivity of Big5Sbs samples codoped with transition metals and
Pb
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Figure 3.43: Seebeck of Big5Sbs samples codoped with transition metals and Pb



72

1.4
o-Pb0.5
12 L aNitPb0.5
o-Ni1Pb1
1.0 I xFetPbo5
*-Mn1Pb0.5

08

04 ¢

Power Factor (mW m K-2)
(o]
(@]

0.2 t

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

T(K)

Figure 3.44: Power factor of Big;Sbi5 samples codoped with transition metals and
Pb

and Mn1Pb0.5 samples than NilPb0.5 sample. This means that adding Fe or
Mn effectively decreases the hole mobility. Ni is quite different. The resistivities
of the Pb0.5 and NilPb0.5 samples are close to each other below 150 K. The
NilPb0.5 then extends the rising trend of resistivity and Seebeck above 150 K
which indicates that adding Ni delays the participation of electron channel in the
transport. As a result, NilPb0.5 shows the highest power factor among those
samples. The value is about 1.26 mWm 1K ~2 at 180 K.

We can find the similar transition metal effects in Sn doped and Pb doped
Bi-Sb alloys. Adding the transition metal particles increase the resistivity and
the Seebeck of the samples. Based on the discussion on NilSn0.5 and NilPb0.5
samples, these effects can be attributed to the influence of the transition metal
particles on the charge carrier mobilities. The transition metal particles enhance
the scattering and decrease both the electron mobility and hole mobility which
causes the increase of the resistivity. But the electron mobility would decrease

more than the hole mobility especially for Ni codoped samples, so that the Seebeck
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can keep increasing to higher temperature.

Different Bi-Sb compositions doped with Ni1Pb0.5

As we discussed in the background information of Bi-Sb, changing Bi-Sb
compositions affects the band structures. We change the Bi-Sb compositions and
dope it with NilPb0.5 and see what happens in the samples with different Bi-Sh

compositions.
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Figure 3.45: Resistivity of Biygy_.Sb, samples codoped with Ni1Pb0.5

Figure 3.45, Figure 3.46, and Figure 3.47 show the results. It shows that
BiggSbi1aNiy Pbg 5 has the highest power factor around 1.4mWm 'K ~2 at 190 K.
The Seebeck coefficient of Biy;SbasNiy Pbys and Big3Sb; Niy Pbys are not good
and lead to a lower power factor.

In the band diagram of Bi-Sb, we know that it has the largest band gap
around Sb15. At around Sb7 and Sb23, the band gap closes. This is where the
semimetal-to-semiconductor transition happens. It confirms that we can get a
larger p-type Seebeck at a relatively larger band gap and for NilPb0.5 doped

sample the best Bi-Sb composition is BiggSbis. In a sample with a larger band



100
90
80 r
70 r
60

40 |
30 |

Seebeck (pV K1)
(@)
o

20 ¢
10 ¢

50 100 150 200 250 300 350
T(K)

Figure 3.46: Seebeck of Biygy_,Sb, samples codoped with Ni1Pb0.5

1.6

14 |

12

Power Factor (mW m-1 K-2)

0.2

Figure 3.47:

50 100 150 200 250 300 350
T(K)

Power factor of Biigg_.Sb, samples codoped with NilPb0.5

74



75

gap, we need to raise to a higher temperature to excite the electron channel. This
is good for our case because we are interested in the low temperature region and

we don’t want the electron channel to participate in the transport.

3.4.3 Te 4+ Sn/Pb codoping effects

Te is an element of valence 6 and it works as an effective n-type dopant in

Bi-Sb alloy.
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Figure 3.48: Resistivity of BigsSbs samples codoped with Te and Sn/Pb

In p-type samples, adding Te moves the chemical potential towards to the
conduction band and leads to a higher resistivity. So, we need to add more Sn
to counter the effect. Adding Te is expected to effectively decrease the electron
mobility and then increase the p-type Seebeck. The results are shown in Figure
3.48, Figure 3.49, and Figure 3.50.

Compared with Sn0.5 sample, the resistivity and the Seebeck curves of
Te0.55n1 sample show the similar trend, but shift to higher temperature. The

Seebeck is enhanced above 170 K. If we keep increasing Te and Sn to TelSn2, the
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Figure 3.50: Power factor of BigsSbys samples codoped with Te and Sn/Pb
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resistivity of the sample decreases while the Seebeck curve keeps shifting to higher
temeparture.
TelSn2 sample has the best power factor among those samples due to its

low resistivity. Its power factor is above 1 in the temperature range between 160

K and 250 K.

Electron Image 17
- =

Figure 3.51: SEM image and EDS spectrum of Big;Sb5Te; Pby

We expect that replacing Sn with Pb will further decrease the resistivity
since the doping efficiency of Pb is higher than Sn in Bi-Sh. However, this doesn’t
happen. We have tested the sample with EDS, the result is shown in Figure 3.51.
It’s possible that the PbTe phase leads to the result as we detect some PbTe
cluster in the sample. We can see that at certain point, the Pb and Te content
are much higher than expected which indicates the PbTe phase exists there.

Similar to the case of Ni, we cannot add too much Te into the system.

Otherwise, we may get second phase such as SnTe or PbTe.

3.4.4 Post high-pressure effects

The post high-pressure effects were studied in the earlier stage of the re-

search. The high-pressure was being applied after the sintering process. So, it is
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different from the HPLT method. The detailed SPS condition can be found in
Table 2.2. The power factor of the p-type sample can be enhanced by applying

the post high-pressure.

Post high-pressure effect in n-type Bi-Sb

20

18 ¥ -O-undoped

16
-undoped (500MPa, 2h)

Resistivity (uQ m)

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

Figure 3.52: Resistivity of undoped post-high-pressure Big;Sbi5 sample

Let’s see the post high-pressure effect in undoped Bi-Sb first. Figure 3.52,
Figure 3.53, and Figure 3.54 show the resistivity, the Seebeck, and the carrier con-
centration of undoped Bi-Sb made with the post high-pressure. Compared with
the undoped Bi-Sb made using the trivial SPS condition, the post high-pressure
increases the resistivity, the Seebeck and the carrier concentration of the sample,

and the electron mobility significantly decreases.
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Figure 3.54: Carrier concentration of undoped post-high-pressure Big;Sbhis sample
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Post high-pressure effect in p-type Bi-Sb

The samples are not made using the HPLT method and the doping efficiency
is not the key here. The resistivity, the Seebeck and the power factor of the p-
type post high-pressure Bi-Sb samples are shown in Figure 3.55, Figure 3.56, and
Figure 3.57. Because of the decreased electron mobility, the Seebeck increases and
so the power factor. If we look at the Hall coefficient and the carrier concentration
of the Ge2Pb1 samples in Figure 3.58 and Figure 3.59, we can find that the post
high-pressure has little effect on the hole concentration at lower temperature.
Moreover, the hole mobility is not affected much by the post high-pressure because
the resistivity is not affected much by the post high-pressure. However, it shifts
the transition temperature from p-type to n-type to higher temperature. The

equation of the two channel Hall coefficient is written as:
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Figure 3.57: Power factor of Ge+Pb codoped post-high-pressure BigsSbys samples
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where n and p, are the electron concentration and the electron mobility, p and
i, are the hole concentration and the hole mobility, and b is ratio of the electron

mobility and the hole mobility %
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Figure 3.58: Hall coefficient of Ge2Pb1 codoped post-high-pressure Bigs;Sbi; sam-
ples

Since we know that the post high-pressure increases the electron concentra-
tion, so the only explanation for the shift of the transition temperature is the

decreased ratio of the electron mobility to the hole mobility b.
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Figure 3.59: Carrier concentration of Ge2Pbl codoped post-high-pressure

BigsSbis samples

3.4.5 Carrier mobility

We calculate the carrier mobility of the Bi-Sb samples at low temperature
(50 K ~ 60 K). The n-type results are shown in Table 3.3 while the p-type results
are shown in Table 3.4.

We can clearly find that the hole mobility of the p-type samples is about
two orders smaller than than the electron mobility of the undoped Big;Sbi5. This
is due to the large difference between the effective masses of the conduction band
and the valence band in Bi-Sb.

As we discussed in the previous sections, adding Ni/Te or apply the post
high-pressure would decrease the electron mobility. This makes it possible to
improve the TE properties of p-type Bi-Sb.

Continuously adding p-type dopants would decrease the hole mobility be-

cause of the increase of the scattering in the samples.
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Sample Carrier mobility (cm?V—1s1)
undoped Bi858b15 20946 (N 5OK)
Big55b15N’il 2318 (N 50K)
BZ‘85Sb15T60.1 2044 (N 50K)
undoped BigsSbhis (500MPa, 2h) 14125 (~ 50K)

Table 3.3: The carrier mobility comparison between n-type undoped Big;Sbys,
undoped BigsSbys with post high-pressure, and Ni/Te doped BigsSbis

Sample Carrier mobility (cm?V~1s™1)
BZ.85Sbl5G6().5 335 (N 50K)
BigsSbisGes 131 (~ 50K)
Biss5b155n0 5 643 (~ 50K)
Big5Sb15Sﬂ5 176 (N 60K)
B’ig5Sb15Pb0_1 1007 (N GOK)
Big5Sbl5pr_5 289 (N 60K)

Table 3.4: The carrier mobility comparison between p-type Ge/Sn/Pb doped
BigsSbis samples

3.5 Power factor, thermal conductivity, and 27T

We plot the highest power factor of the samples made using different strate-
gies in Figure 3.60. It can be seen that the best three samples which have the high-
est power factor in the temperature range 150 K to 200 K are BiggSbiaNiiPbys,
BigsSbisGea Pby (500MPa, 2h) and BigsSbis NiypSngs. Although the sample Bigs
SbisGesPby has a good power factor as 1.38mWm K2 at 250 K, it’s not as
good as the other samples below 200 K.

The thermal conductivity measured using the hot disk method is shown
in Figure 3.61. We have used the value to calculate the figure of merit 27" for
BigsSbisGeisSng s and BiggSbiaNii Pbys.

The 2T comparison has been made between our samples and several ref-
erence results [43], [44], [48], [50] in Figure 3.62. It can be seen that zT of
BigsSbisGeq55ng 3 sample is significantly higher than the pure Ge (BigsSbi3Ges)
and pure Sn (Bigs 5 Sbr55n,) doped polycrystalline results. 2T of BiggSbiaNiy Pbg s
is also larger than the reference Bigs5Sby4Pb; result. It’s better than the Sn doped

single crystal result Bir7.1.5b9s.9Sn¢.75 below 210 K.
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Nii1Pbys measured with hot disk method
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Compared with the 2T of p-type C'sBiyTeg (~ 0.8 at 200 K) [54] and the 2T

of commercial p-type Biy_,Sb,Tes (~ 0.5 at 200 K) [55], the 2T of p-type Bi-Sb

is not very competitive among p-type cryogenic thermoelectric materials.
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Chapter 4

Modeling of the resistivity and
the Seebeck coeflicient of p-type
Bi-Sb alloys

To better understand the thermoelectric properties of p-type Bi-Sb alloys,
we apply an effective mass model to fit the resistivity and the Seebeck coefficient
of pure Ge, Sn, and Pb doped Bi-Sb samples. A shrinking behavior of the band

gap is extracted in the modeling process.

4.1 Modeling method

Starting with the calculation of electron and hole concentrations n and p,

respectively, the charge neutrality is set as a constraint:

p+ N/ =n+N, (4.1)

where N, N~ are the concentrations of ionized donors and acceptors, respectively.
In — p| = [N — N;| which can be estimated from the Hall coefficient data at
low temperature. This number is assumed to be constant for each sample as

temperature varies.



For the carrier concentrations,

nvp:/Dn,p(E>fn,p(E)dE

where D(E) = 535

272

<2m; 3/2
h2

) V'E is the density of states, f(E) =

88

(4.2)

1 .
W is the

Fermi-Dirac distribution function, m} is the total density of states effective mass

and p is the chemical potential.
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Figure 4.1: Hole concentration of Ge, Sn, and Pb doped Big5S5b5 below 100 K

We use the low temperature hole concentration in p-type Bi-Sb as the known

values for |n — p| =

concentration for the samples that we choose to model the properties.

The electrical conductivity and the Seebeck coefficient are written as

[N — N, 7| in the calculation. Figure 4.1 shows the hole

_ of g
o= Sm T D(E)ETdE (4.3)
o 175 afD (E)E(E — p)TdE (4.4)
eT > SLD(E)ETdE .



89

where e is the unit charge, m? is the conductivity effective mass, f is the Fermi-
Dirac distribution function, p is the chemical potential and 7 is the scattering
time.

In terms of determining the scattering time in the undoped Big5Sbis, we
calculate the mobility using the single band approximation in view of the electron
dominated transport. The mobility is found to be roughly proportional to T at

low temperature (< 100 K) and 7' at high temperature (> 100 K). Thus, we

1
Ttotal

apply the Matthiessen’s rule below to calculate the total scattering rate

1 1 1
= + (4.5)

Ttotal Tacoustic Timpurity

The first term — —, acoustic deformation potential (ADP) scattering, is

known to be the dominant scattering mechanism at relatively high temperature
and leads to a mobility trend as 7-. It can be described by using the following
equation [56]:
1 me2 kgT
= 9(E) (4.6)

Tacoustic hcl

where €, is the acoustic deformation potential, ¢; is the longitudinal elastic con-

1 2m; 3/2 mh . . .
stant, g(E) = 55 < h;) VE, my = N273 is the density of states effective mass

of a single valley and N, is the number of valleys in the Fermi surfaces.

The defect impurity scattering time has the form 7,,,purity = 70 (E/ kBT)3/ 2,

where 7y is constant. It leads to a mobility trend as T [56]. As a result, the

1

Ttotal

can be written as

total scattering rate

1 2 kpT 1 £\
_ Tacks g(E)+ ——————=ATVE+B- (—) (4.7)
Ttotal hCl To (E/k?BT) / T

where A and B are constants and can be determined in the fitting process. The
same scattering mechanisms are applied to the electron-channel and the hole-

channel calculations.
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For p-type Bi-Sb samples, which are essentially semi-metallic, the mobility
trend reveals the dominance of the acoustic deformation potential (ADP) scat-
tering even at low temperatures. The apparent absence of the ionized impurity
scattering in p-type samples is the result of high dopant concentration which makes
the average distance between dopant atoms small and on average, the motion of
the charge carriers (electrons and holes) will not be affected much by the dopant
ions.

As we discussed in Chapter 3, below 7% antimony, the alloy behaves as
a semimetal. As the antimony content is increased to 7% ~ 22%, a gap opens
between the L, band and 7" band and the alloy becomes a semiconductor. This
is a result of the inversion of L, and L, bands, which occurs at 4% antimony. In
the semiconductor region, the L, band becomes a direct hole band, while the T’
and H bands act as indirect hole bands. Once the antimony content is larger than
22%, the alloy returns to the semi-metallic state.

For the composition BigsSbis, L., Ls and H bands are the conduction band,
direct light valence band, and indirect heavy valence band, respectively. Due to the
low density-of-states effective mass of the L band [41], it makes little contribution
to the TE transport properties compared to the H band. Therefore, the L, band
and H band are used as the conduction band and valence band in the modeling.

Considering the two channels together, the resistivity p and the Seebeck

coefficient Sy, can be written as

1
= 4.8
p %+%+% (4.8)
niSn S
Stotal - c + Up P (49)
Op+0p

where ppg is the residual resistivity, o, and o, are the electrical conductivity com-
ponents of the electron and the hole channel, and S, and S, are the Seebeck

components of the electron and the hole channel, respectively. Detailed equations
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for calculating the effective mass, the longitudinal elastic constant, the carrier con-
centration, the electrical conductivity and the Seebeck coefficient can be found in

the appendix. The modeling parameters for undoped BigsSbys are listed in Table

4.1.
Parameters Electrons Holes
my (me) 0.203 0.483
mi (me) 0.025 0.084
N, 3 6
¢ (Nm™2) 6.6 x 101° 6.6 x 10

Table 4.1: The parameters in the modeling of undoped BigsSb5

In the modeling of p-type samples, the electron effective masses are the same

*

«p) and the acoustic

as the undoped sample. The hole effective mass (mz’p, m
deformation potential (e,.) are used as the fitting parameters and listed in Table
4.2. The hole effective masses are found to be larger than those for undoped Bi-Sh.

The enhancement of the hole effective masses can be attributed to the presence of

the impurity band in the narrow-gap (~ 20 meV) region.

Samples my, (me) my, (me) €ac (eV)
Ge0.5 1.264 0.2 19
Geb 1.39 0.109 24
Sn0.5 0.755 0.2 20
Snb 1.492 0.133 20
Pb0.1 0.701 0.2 19
Pb0.5 1.209 0.15 23

Table 4.2: The parameters in the modeling of doped BigsSbi5(Ge, Sn, Pb),

The deformation potential of undoped BigsSbi5 above 100 K and doped
BigsSby5(Ge, Sn, Pb), are close to the value of the deformation potential (18 eV)
of undoped BigySbyg [57]. It is worth noting that the band gap plays an important
role in Equation 4.2, Equation 4.8, and Equation 4.9 as it affects the relative
positions between the chemical potential p and the conduction band minimum
or the valence band maximum. Calculations of the carrier concentration, the

electrical conductivity and the Seebeck coefficient all depend on that. In order
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to fully fit the undoped and doped BigsSbis5(Ge, Sn, Pb), samples, a temperature

dependent band gap is used.

4.2 Plots of the modeled TE transport prop-
erties in comparison with the measurement
data, and the Pisarenko’s plot of (Ge-, Sn-,

and Pb-doped Big;Sb;5 samples
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Figure 4.2: Comparison between the modeled and the experimental resistivity of
Bi-Sb samples
The modeled results are compared with the experimental results in Figure
4.2 and Figure 4.3. The discrete points are the experimental data. The dashed
lines are the fitting results.

Based on the following equation derived from a single parabolic band model,

8t2k% m\?
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we have made the Pisarenko’s plot in Figure 4.4. A, is a parameter which is
related to the scattering mechanisms (in ADP scattering approximation, A, = 0)
[58]. Our results together with the results in the work [43] (purple points and line
in Figure 4.4) appear to follow a certain trend. All the data points are seen to lie
above the H band lines. Furthermore, the data points of Ge-, Sn- and Pb-doped
samples are scattered between each other which indicates the different changes of

the hole effective masses for Ge-, Sn- and Pb-doped samples.

4.3 Band gap shrinking
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Figure 4.5: Band gap shrinking in Bi-Sb samples

Previous studies of Big;Sbys alloys reported a band gap (E,) in the range
of 10 ~ 24 meV [34], [37], [42], [52]. Given the large variation of E,, we use E,
as a fitting parameter in the modeling. Our result shows band gap to have a
temperature dependence both for the undoped and doped samples. The gap is
found to shrink in size at increasing temperature, even reaching zero at certain

threshold temperatures, as shown in Figure 4.5.
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The decreasing of the band gap can be explained by the band edge movement
at the L-point for Bi-Sb alloys: the L, band is found to move down as temperature
increases [59]. The impurity band created by adding Ge/Sn/Pb also plays a role
here since band gap decreasing is also noted in our doped samples. Besides, it is
reported that the undoped Bi-Sb alloy shows lattice deformation at around 150 K
~ 200 K [60], which might lead to the change in its band gap. The decreasing of the
band gap is clearly an obstacle when pursuing good TE properties of p-type Bi-Sb.
It is known that the hole Seebeck coefficient is low in comparison with the electron
thermopower in Bi-Sb alloys due to the mobility difference between electrons and
holes. Bipolar effect (see Equation 4.11) associated with the gap-decreasing would
further undermine the figure of merit 27" of the hole-doped samples.

The bipolar thermal conductivity is written as:

On0yp

(S,-S,)°T (4.11)

Rbipolar =
Op + 0p

where o, and o0, are the electrical conductivity of the electron channel and the
hole channel, S,, and S, are the Seebeck coefficient of the electron channel and the
hole channel. S, is negative while S, is positive. When both the electron channel
and the hole channel participate in the transport, the bipolar thermal conductivity

tends to be larger which increases the total thermal conductivity of the sample.
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Chapter 5

Resistivity and Seebeck
coefficient study on p-type Si-Ge

alloys

Si-Ge alloys have decent thermoelectric properties at high temperature. It
has been utilized to build the radioisotope thermoelectric generators (RTGs) for
deep space missions by NASA [8]. For several decades, the thermoelectric perfor-
mance of Si-Ge alloy hasn’t improved much. It stays about the same as the one
used on RTGs since 1976. The breakthrough on Si-Ge happened about 10 years
ago [11], [12]. Researchers successfully enhanced the figure of merit 27" by applying

the nano-structure idea on Si-Ge alloys to decrease the thermal conductivity.

5.1 P-type Si-Ge related research

The following discussion will be focused on p-type Si-Ge in particular.

With the help of the mechanical alloy method — ball milling, and the hot-
pressing technique, the 2T of p-type Si-Ge is enhanced from 0.65 to 0.95 around
900 ~ 950 °C [12] where 2T = 0.65 is the referenced value of the Si-Ge alloy used
on RTGs. It is found that the grain size of the alloy ranges from 5 ~ 50 nm.

The small grain size leads to more interfaces distributed in the alloy. As a result,
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the increased phonon scattering at the interfaces, such as the grain boundaries,
leads to a low thermal conductivity (~ 2.5 WK 'm™! in the temperature range
50 ~ 900 °C). Since the grain size doesn’t affect much of the power factor, the
figure of merit 27" is benefited from the low thermal conductivity overall. Later
on, researchers in the same group apply a modulation-doping method to enhance
the power factor of the p-type boron doped Si-Ge [61]. With the separation of
the charge carriers and the impurity atoms in a two-phase composite (SigoGeag +
Si100Bs5), the carrier mobility can be enhanced due to the decrease of the impurity
scattering. That leads to a higher electrical conductivity and also a higher power
factor (~ 40 % increase compared to the power factor of the alloy made using the
uniform doping with the same composition). As a result, the figure of merit 27" of
the modulation-doping sample is about the same as the uniform-doping sample.
However, the factors that lead to the enhancement of the 271 compared to the
RTG SiGe sample are different for those two approaches. For the modulation-
doping method, the major factor is the enhanced power factor. For the case of
uniform-doping, the major factor is the decreased thermal conductivity.

People have added Au into p-type Si-Ge to form Sigg2Geg 31 Bo.ogAug.os and
enhanced the 27" to 1.6 around 1000 K [62]. The increase of zT" can be attributed
to the large Seebeck coefficient of 464 1V /K which may be caused by the sharp
peak in the density of states consisting the 5d states of Au, and the low thermal
conductivity due to the phonon scattering at grain boundaries. Moreover, there are
first-principle calculations on the transition metals’ doping effects in Si-Ge alloys
[63]. It shows that the Seebeck coefficient can be enhanced with the transition
metal elements.

The band gap E, (eV) of Si;_,Ge, can be calculated using the following
formula when x < 0.85 [64]:

E, =1.12 — 0.41z + 0.0082* (5.1)

The result is approximately 1.04 eV for SipgGego which is the basic composition
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that we make during the research. Since this band gap value is relatively large,
the rising temperature cannot effectively excite enough electrons to the conduction
band in p-type Si-Ge alloys. We can treat this system using the single band model.

Following the nano-structure and the nano-composite ideas, the first-principle
calculations, and the experimental methods, we have studied several different par-

ticles’ effects in p-type Si-Ge alloys.

5.2 Transition metal Fe/Ni codoped p-type Si-
Ge

The resistivity and the Seebeck results of the Fe/Ni transition metal codoped
p-type Si-Ge are shown in Figure 5.1 and Figure 5.2. The red lines are the results
of the normal boron doped p-type Si-Ge that we make and set as a benchmark.
The black lines show the referenced results of p-type Si-Ge [12]. We keep the
referenced results in all the plots in this chapter to make comparison with our
samples. The blue lines and green lines are the results of Fe and Ni codoped p-
type Si-Ge, respectively. Compared with the referenced results, our samples show
a lower resistivity and a lower Seebeck.

In the whole temperature range that we measure, the resistivity and the
Seebeck of the samples show the linear metallic behaviors. Adding Fe decreases
the resistivity of the samples while the Seebeck keeps roughly the same. Adding Ni
increases both the resistivity and Seebeck of the samples. Adding transition metal
particles into the system should decrease the carrier mobility by increasing the
carrier scattering. So, adding Fe particles into p-type Si-Ge should help increase
the hole concentration to cancel out the effect of the decreased carrier mobility
and leads to the decrease of the resistivity. Besides, we can find a saturation effect
in the Fe codoped samples. The resistivity and Seebeck curves of SizsGesgBaFley
sample are almost the same as the curves of SizgGegyBaFes. This indicates that

the codoping of Fe is not very effective in p-type Si-Ge. For the case of Ni, we find
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that the resistivity increases first for Si7sGeqgBsNi; sample and then decreases as
we increase the Ni content to get SizgsGeggBaNiy sample. Compared with Fe, Ni
particles have a stronger scattering effect in p-type Si-Ge samples which leads to a
lower carrier mobility. Similar to Fe, adding Ni can increase the hole concentration,

so that the resistivity of Si73Geqgg B Niy sample can be lower than Si7sGeggBaNiy

sample.
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Figure 5.3: Power factor of SizgsGegoBy samples codoped with Fe/Ni

The power factor results are shown in Figure 5.3. The power factor of the
SizsGeagBaFey sample gets some enhancement due to its lower resistivity. The
power factor of the SizgGesgBaNig sample improves because of its higher Seebeck.
Overall, we get about 10 % enhancement of the power factor of the Fe/Ni codoped
p-type Si-Ge samples in the temperature range 500~900 °C compared with the

referenced values.
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5.3 P-type Si-Ge embedded with aerogel parti-
cles

Figure 5.4, Figure 5.5, and Figure 5.6 show the results of p-type Si-Ge sam-
ples embedded with aerogel particles. Interestingly, adding aerogel particles into
the system can decrease the resistivity. The aerogel is made of silica and we ex-
pected that it would increase the resistivity of Si-Ge samples since silica has poor

electrical conductivity.

4 50E-05
—Si78Ge20B2
4.00E-05 r -O- Si78Ge20B2+1wt%aerogel
3.50E-05 | & Si78Ge20B2+2wt%aerogel
—_ 11 Si78Ge20B2+3wt%aerogel
g 3.00E-05
= —Si80Ge20Bx (ref.)
S 2.50E-05 |
=
jg 2.00E-05 |
0
8 1.50E-05 |
@ i}
1.00E-05
5.00E-06 [
0.00E+00 ' . . '
0 200 400 600 800 1,000

T(°C)

Figure 5.4: Resistivity of SizgGesg By samples embedded with aerogel particles

The 1 wt% aerogel embedded sample shows the lowest resistivity. As we
increase the aerogel content, the resistivity increases which matches our original
expectation. Adding aerogel should increase the doping efficiency of boron in Si-Ge
to account for the lowered resistivity values. The Seebeck trends follow the similar
trends as the resistivity. Overall, the power factor curves of the aerogel embedded
p-type Si-Ge samples are a little higher than the result of the benchmark sample

and close to the referenced p-type Si-Ge result.
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Figure 5.5: Seebeck coefficient of SizgsGeggBs samples embedded with aerogel par-
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5.4 Mo codoped p-type Si-Ge, and Si-Mo doped
with boron
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Figure 5.7: Resistivity of SirgGesgBs samples codoped with Mo, and SiMoB
samples

Figure 5.7, Figure 5.8, and Figure 5.9 show the results of Mo codoped p-type
Si-Ge, and Si-Mo samples doped with boron. Compared with the benchmark Si-Ge
sample, the Mo codoped samples (blue lines) show the significantly lower resistivity
and Seebeck values. Also, the saturation behavior of adding Mo can be observed
as the differences between the properties of SizgGeggBa Mo, and SizgGegg By Moy
are small. We are interested in why adding Mo can cause such an effective decrease
on the resistivity in Si-Ge samples. Noticing that Si and Mo may form a second
phase in Mo codoped p-type Si-Ge, we make Si-Mo samples doped with boron
and measure the resistivity and the Seebeck. The SigsMosBy and Sigr.5Mog5B5
samples show the much lower resistivity values than the benchmark Si-Ge sample.
The second phase of Si-Mo in Mo codoped Si-Ge samples may be the reason that
causes the decrease of the resistivity.

In the power factor plot, the Mo codoped p-type Si-Ge samples have close
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values as the referenced result. We find that Si-Mo-B samples show higher power
factors than Si-Ge samples. However, it may not be very helpful to utilize the
Si-Mo phase to enhance the figure of merit 27T in Si-Ge since Si-Mo system has
a much higher thermal conductivity [65] than Si-Ge system. In the end, the
enhanced power factor and the high thermal conductivity may cancel out in the

2T calculation.
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Chapter 6

Conclusion

To summarize the work, we have studied the doping effects in p-type Bi-
Sb samples. The samples are synthesized using the melt spinning technique and
the spark plasma sintering method. The X-ray diffraction patterns, the scanning
electron microscope images, and the energy dispersive spectroscopy results are
shown to check the sample quality and the grain features. The Hall coefficient
and the doping efficiency are discussed in light of the donor and the acceptor sites
in Bi-Sb. It is found that the “high pressure low temperature” method can largely
increase the doping level of Ge and the doping efficiency of Pb in Bi-Sh. Several
strategies are shown to enhance the power factor in p-type Bi-Sb including: Ge
codoped with Pb or Sn; transition metals codoped with Sn or Pb; Te codoped
with Sn or Pb; post high-pressure effect. The Ni particles, the Te particles, and
the post high-pressure effect show the similar mechanism to enhance the Seebeck
of p-type Bi-Sb samples which is the decreased electron/hole mobility ratio. In
order to get a high figure of merit 27" in p-type Bi-Sb alloys, we need to decrease
the electron mobility a lot and keep the good performance of the hole channel.
Different Bi-Sb compositions doped with NilPb0.5 are tested. BiggSbiaNiiPbos
is found to show the best figure of merit 27" = 0.1~0.13 in the temperature range
150~200 K among all the samples. A two-band effective mass model is applied

to fit the resistivity and the Seebeck data of undoped Bi-Sb and pure Ge/Sn/Pb
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doped Bi-Sb. The band gap shrinking behavior is extracted from the modeling
process which partially explains why it is difficult to improve the thermoelectric
properties of p-type Bi-Sb. The shrinking band gap makes the electron channel
be able to participate in the transport at relatively low temperature which leads
to a decreasing p-type Seebeck and an increasing bipolar thermal conductivity.
The resistivity and the Seebeck coefficient have been measured and analyzed
for p-type Si-Ge samples. Adding transition metal Fe/Ni particles or aerogel
particles affect the carrier concentration and the carrier scattering rate in Si-Ge
alloys. The power factor of the samples can be optimized by varying the particle
content. Compared with the referenced results, the sample SizgGegyBsFes and
Si7sGeayBaNiy show about 10 % increase of the power factor in the temperature
range 500~900 °C. The 1 wt% aerogel embedded Si-Ge sample shows the compa-
rable power factor as the referenced data. Adding Mo into Si-Ge can significantly
decrease the resistivity. But the Seebeck coefficient also decreases which keeps the
power factor roughly the same. Si-Mo-B samples show the consistent results of
decreased resistivity and Seebeck coefficient and the power factors are higher than
Si-Ge-B samples. However, the high thermal conductivity of Si-Mo is detrimental
to the figure of merit 27T of this system which makes this phase less useful in

enhancing the thermoelectric performance of Si-Ge alloys.
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Appendix A

Detailed equations for modeling
thermoelectric transport

properties in Bi-Sb

A.1 Effective mass

Conductivity effective mass m}:

1*ZE<L+L+L> (A1)

myr mor mg

Density-of-states (DOS) effective mass of a single valley m;:

my = (mllmgxmgf)l/g (A.2)
Total DOS effective mass m:

mi = N Pm; (A.3)

The values of m,/, my, my and Ny are found from the literature for Bi-Sb

alloys [41].
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A.2 Longitudinal elastic constant

Volume fraction of antimony in BigsSbhis: 13 %. Volume fraction of bismuth
in BigsSbis: 87 %. Longitudinal elastic constant of antimony: 9.9 x 10 N m =2
[66]. Longitudinal elastic constant of bismuth: 6.3 x 10'® N'm~2 [67]. We use the

reciprocal sum to get the longitudinal elastic constant of the alloys:

( 0.13 0.87
C =

—1
~ 6.6 x 10" N m™2 A4
0.0 x 1010 " 6.3 % 1010) X m (A.4)

A.3 Carrier concentration

1 /2m: kpT\*?* [ 1
n = 52 < d, 5 B ) / .’L'l/QWdZ’ (A5)
7 h 0(CBM) +e

1 Im* koT\3/2 r0(VBM) 1
P=5 (M) / |2 (1 - —> dx (A.6)

27?2 R o 1+ er—n=¢

) _ B _ _FE
where n = £ = ior L= p

P CBM is the conduction band minimum and

V BM is the valence band maximum.

A.4 Electrical conductivity

o =0, + 0y

262 00 af 262 00 af (A?)
_ "D, (E)Er,dE — Yep (B)Er,dE
o ), G DB ERdE — o [ SR, (BB,
Taking the ADP scattering time 7, , = mhic B2 let ) = kBLT,

V2kpTe2, (mg(n’p»
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¢ = E, E

et = 5T after changing the variable, we can get

g =

x \3/2 o
2 (mdm) e’he / zrexplr — 1 dot
3
o (

3% (M5n) Teie Jo (14 explw —n))

2 (mfl’p)S/Q e2hey /°° zexplr + 1+ ]
o (

3mi, (mi,) T L+ expla +1 + €])°

(A.8)
dx

A.5 Seebeck coefficient

Snop 4 Spoy
Op + 0p

e Jo 9D, (E)E(E — p)mydE — [ ok e D, (E)E(E + Ey + p)7,dE

2 [ %D, (B) ErdE — 2 [ 22Dy (E) ErydE

S:

3Tm

(A.9)

Let n = kBLT, = ,i—gT, and z = ]@LT , after changing the variable, we can get

00 x(x—n)explz— n] ooz x+77+€)6xp[90+77+€]
o ke T Wl A Tt 0 (A.10)

e 0o zexplr—) zezplr+n+E]
fO (1+explz— 17])2 dr 4\ fo (1+exp[x+n+§])2 dz

« 3/2
(md!P)

. « 3/2
e (i)

x 3/2 .
(")
3/2

mc n 'mb n

Considering the total scattering time 74, the integral part in the expres-

where \ =

sions of o and S will be modified accordingly.
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