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CHAPTER I 

INTRODUCTION 

 

Owing to recent environmental and energy problems, conversion of waste heat to 

electricity has recently become greatly important. The development of thermoelectric 

material has facilitated the compatibility of thermoelectric devices with various kind 

of low grade unused heats, such as industrial waste heats, vehicular exhaust heat, solar 

heat and geothermal heat.  

 

1.1 Thermoelectric Material 

The term of thermoelectric material is referred to a material which exhibits substantial 

thermoelectric effects. Apart from superconductors, every material exhibits some 

degree of thermoelectric effects. For superconducting materials, electrical current 

flows without driving force. The thermoelectric effect is a direct conversion of 

temperature difference to electric voltage and vice versa. Thomas Seebeck discovered 

the thermoelectric effect in solid material in 1823 when he noticed that a voltage 

difference occurs across a material with a temperature gradient. However, like many 

other discoveries, it took many years to find useful applications and materials for this 

discovery. In the 1950s, Abraham Ioffe showed that doped semiconductors showed 

much larger thermoelectric effect than other materials. This led to research of binary 

semiconductors Bi2Te3 as thermoelectric material. It has the greatest thermoelectric 

effect at room temperature.  

 

Figure 1.1:  The number of papers on thermoelectric materials published as a 

function of year from 1955 to 2007 [1]. 

http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Voltage
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The efficiency of the thermoelectric conversion is directly related to the temperature 

difference over which the device operates, its average temperature of operation and 

the transport properties of the thermoelectric represented by ZT, the dimensionless 

figure of merit. The larger the ZT value, the larger the efficiency. The figure of merit, 

Z, is determined by 

     
K

S
Z



2

                                           (1.1) 

where S is the thermoelectric power or Seebeck coefficient, ρ is the electrical 

resistivity and K is the thermal conductivity. It is clear from this equation that in order 

to obtain a high figure of merit, a large Seebeck coefficient and low electric resistivity 

is required, as well as a low thermal conductivity. Low electrical resistivity is 

necessary to minimize Joule heating. Low thermal conductivity helps to retain heat at 

the junctions and to maintain a large temperature gradient.  

The discovery of thermoelectric materials started from simple material; 

semiconductor such as group III-V, group IV-IV and group IV chalcogenides. Table 

1.1 shows examples of bulk thermoelectric material classes. 

Chalcogenides refers to sulfides, selenides and tellurides. These compounds often 

show semiconducting behavior [5], which can be suitable for operation over a wide 

range of temperatures (30 – 1130 °C) [6]. Nowadays in markets, Chalcogenides are 

the most common thermoelectric materials, such as Bi2Te3. Bi2Te3 and its alloys are 

good thermoelectric materials at room temperature with ZT ≈ 1. Venkatasubramanian 

et al. [7] reported that p-type Bi2Te2/Sb2Te3 may have the highest ZT of about 2.4 at 

room temperature as shown in Fig.1.2. Problems with tellurium arise, since it is 

scarce, toxic and volatile at high temperatures. Therefore these of tellurium are 

limited [2].  

Chalcogenides refers to sulfides, selenides and tellurides. These compounds often 

show semiconducting behavior [5], which can be suitable for operation over a wide 

range of temperatures (30 – 1130 °C) [6]. Nowadays in markets, Chalcogenides are 

the most common thermoelectric materials, such as Bi2Te3. Bi2Te3 and its alloys are 

good thermoelectric materials at room temperature with ZT ≈ 1. Venkatasubramanian 

et al. [7] reported that p-type Bi2Te2/Sb2Te3 may have the highest ZT of about 2.4 at 
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room temperature as shown in Fig.1.2. Problems with tellurium arise, since it is 

scarce, toxic and volatile at high temperatures. Therefore these of tellurium are 

limited [2].  

Table 1.1 Bulk thermoelectric materials. 

Material class Examples Comments 

IV Si, SiGe Generally poor thermoelectric 

properties[2] 

V-chalcogenides Bi2Te3, Sb2Te3, Bi2Se3 Can be both n- and p-type 

IV-chalcogenides PbTe, SnTe, GeTe - 

Skutterudites MX3, (M = Co, Rh, Ir 

and X = P, As, Sb) 

Very  low thermal conductivity [2] 

Calthrates Sr8Ga16Ge30, Ba8Ga16 

Sn30, Ba8Ga16Sn30 

- 

Layered cobalt 

oxides [3] 

  CaCoO2, NaCoO2 Properties improve significantly 

with Ag doping, but still poor. [4] 

 

Skutterudites and Calthrates are typical of phonon glass electron crystal (PGEC). The 

basic idea is to significantly reduce phonon scattering (similar with glass) but at the 

same time keep good electric conductivity (electron crystal) by introducing impurities 

known as rattler atoms into interstitial voids or cages of unit cell [8]. The rattle atom 

is heavy atom and it radius has to be smaller than the voids radius of the unit cell. The 

range for candidate filler element is decided by the ratio of ionic rattle atom radius 

(Irad) and void radius (Vrad) [9] : 167.0 
rad

rad

V

I
. When large voids are filled by rattle 

atoms, they act as oscillators and thereby reduce the heat transport.  The name of 

skutterudite comes from a naturally occurring with the CoAs3, first discovered in 

Skutterud, Norway. It is a cubic crystal structure with 32 atoms per unit cell. This 
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structure has 2 voids per unit cell. These voids can be filled by rattlers atom which 

can reduce thermal conductivity.  Nolas and Slack [10] added La (1.79 Å), Nd (1.70 

Å) and Sm (1.69Å) to the IrSb3 binary skutterudite unit cell with a void radius of 2.04 

Å. The result indicated that the thermal conductivity was reduced comparing to 

unfilled skutterudite. Calthrates compound also have the crystal structure that can host 

rattlers. Examples of this materials family are Sr8Ga16Ge30, Ba8Ga16 Sn30 and 

Ba8Ga16Sn30. Here Sr and Ba are the lattlers. Thermal conductivity value is very low 

(less than 1 W/m.K [11]). These materials are primarily n-type. Seebeck coefficient is 

in range -120 to -300 μV/K and resistivity range from 1 to 10 mΩ.cm at room 

temperature. 

Finally, there is much work now developing thermoelectric oxides. The CaCoO2 and  

NaCoO2 are two of the most promising of this group [3]. Seebeck coefficient is in the 

range of 70 μV/K with resistivities near 10 mΩ.cm and thermal conductivity is about 

7 W/mK at room temperature. Thermoelectric properties can be significantly 

improved with Ag doping [4]. 

 

Figure 1.2:  ZT of many typical thermoelectric materials as a function of year [12]. 
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1.2 Iron Disilicide (FeSi2) 

FeSi2 is known for excellent high thermoelectric material that can be used in high 

temperature range (200 ºC to 927 ºC). It is also an environmentally friendly material 

because of the low toxicity of its constituent elements, Fe and Si. The material is good 

resistant against oxidation and can be operated in air without any protection [13,14]. 

 

 

 

 

 

 

 

 

 

 Figure 1.3: Crystal structure of Fe-Si [15].  

 

The crystal structure of ε-FeSi, α-Fe2Si5 and β-FeSi2 are shown in Fig. 1.3. ε-FeSi has  

a cubic structure with 8 atoms in a unit cell.  α-Fe2Si5 has a tetragonal structure with 

2.87 atoms in a unit cell and β-FeSi2 presents an orthorhombic structure with 48 atoms 

in a unit cell [15]. The lattice constant of β-FeSi2 are a = 9.863 Å, b = 7.791 Å  and c 

= 7.833 Å [16]. From the equilibrium phase diagram of the Fe-Si system, a series of 

intermetallic compounds could be formed. Within the limits of 49.7 to 50.8 at.% Si a 

homogeneous ε-FeSi exists. High temperature α-Fe2Si5 phase has the homogeneity 

limit 70.0 to 72.4 at.% Si whereas the low temperature intermetallic compound β-

FeSi2 contains 68.3 at.% Si [16]. These high temperature phases are metallic and do 

not show high thermoelectric power. The β-FeSi2 phase, which shows high 

thermoelectric power as a semiconductor phase, is formed by the following three 

reactions: 

1. the peritectoid reaction (α + ε → β) at 982 ºC, 

2. the eutectoid reaction (α → β + Si) at 937 ºC , and 

3. the subsequent reaction (ε + Si → β) [17]. 

 

Density: 4.93 Mg/m
3 
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3 
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1
3
6
 n

m
 

a 
=

 0
.9

8
7
9
 n

m
 

c = 0.7839 

nm 
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Figure 1.4: The equilibrium phase diagram of Fe – Si system [18]. 

 

1.3 Objectives 

In this thesis, bulk FeSi2 will be synthesized and characterized. The objectives of this 

thesis are: 

1. To synthesize FeSi2 by thermal method. 

2. To assess and understand the key parameters and the conditions that 

accelerates the β-phase formation and densification. 

3. To determine dimensionless figure of merit. 

This thesis is divided into five chapters. Chapter 1 is an introduction of thermoelectric 

material where FeSi2 is also described. Chapter 2 describes the literature review of 

FeSi2 and theoretical background. Chapter 3 describes the sample preparation and 

characterization techniques. Results and discussions are described in Chapter 4. 

Finally, Chapter 5 concludes the achievement of the work. 
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1.4 Research Methodology 

1. Modify the furnace for an inert-ambience heating process. 

2. Prepare FeSix, x = 2.0, 2.3 and 2.5 in Ar atmosphere by melting at 1550 ºC for 

1 h. Sample will be ex-situ annealed, the sample is cooled down to room 

temperature and then heated up to required annealing temperatures and times, 

hold at these temperatures for 3, 6 and 12 h. 

3. Measure the physical, thermal and electrical properties of the grown materials 

by following techniques: 

3.1 X-Ray diffraction (XRD) 

3.2 Scanning electron microscope (SEM) 

3.3 Differential thermal analysis (DTA) 

3.4 Thermal conductivity measurement by laser flash technique 

4. Analyze the data and improve preparation method to obtain the optimized 

parameters, to achieve high content β-FeSi2. 

 

 

 

 



CHAPTER II 

LITERATURE REVIEW AND THEORY 

 

2.1 Literature Review 

A bulk FeSi2 can be synthesized by many methods. From literature, they can be 

categorized into five groups:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Categories of bulk β-FeSi2 synthesis. 
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1. Type I process: A mixture of iron and silicon powder is melted under an inert 

atmosphere, cooled down to room temperature, ground into fine powder, hot-pressed 

and annealed for β-phase formation [16, 19, 20]. As-grown alloy contained α- and ε-

phases which is then ground into fine powder by mechanical alloying (MA) process. 

MA is a ball milling where powder particles are trapped between colliding balls, 

causing them to deformed and mixed. Umemoto et al. [16] suggested that at least 500 

h of milling is required to induce β-FeSi2 transformation by MA. Hot-pressing (HP) is 

used to improve the density of sample.  The hot-pressing under vacuum with a 

pressure of 60 MPa for 4 h at 1100 °C yielded the sample density of 97% of the 

theoretical value but it still consisted of the untransformed mixture of ε- and α-phase 

[20]. The sample still needs annealing for the β-phase transformation .Ur et al. [20] 

showed that the effective and economical way to produce β-FeSi2 is approximately 24 

h annealing at 830 ºC after hot pressing at 1100 ºC under 60 MPa for 4 h. Annealing 

at 1100 °C for 1 h produces ε- and α-phases which is the decomposition of β-phase.  

 

2. Type II process: A mixture of iron and silicon powder is melted, cooled down, 

added with copper powder, ground into fine powder by MA and pressureless sintered 

[21, 22]. In this process, copper powder is added to induce the liquid phase sintering. 

Melting of one element is effective enough for a densification of a sintered body due 

to rearrangement of the particles [23]. This technique will consume less energy than 

that of the HP technique. Ito et al. [22] added 1 mass% Cu into iron and silicon 

powder and showed that the liquid phase of Cu-Si formed around 802 °C. The Cu-Si 

liquid phase facilitates the supply of silicon atoms to the ε-phase for a subsequence 

reaction (Si + ε→ β) because the liquid phase spreads through the grain boundary and 

particle interface. The final relative density of 93% was obtained for samples 

containing added copper. Pressureless sintering can be done at 1150 °C for 3 h. The 

disadvantage of using copper is that it can decrease the thermoelectric performance 

[21]. SEM image revealed that many small pores dispersed in the pressureless 

sintering sample and these pores effectively decreased thermal conductivity [21].  
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3. Type III process: A mixture of iron and silicon powder is melted, cooled down, 

other substance is added, ground into fine powder by MA, hot-pressed and annealed 

for β-phase formation. 

For this process, the other substance is added to either accelerate the β-phase 

formation or to improved thermoelectric properties by reducing the thermal 

conductivity due to phonon scattering. Nagai et al. [24] added (Si+C) to 

Fe0.92Mn0.08Si2 during MA for 20 h under argon atmosphere and then hot-pressed at 

900 ºC for 1 h under 25 MPa in vacuum. They reported that small SiC particles about 

20 nm in size dispersed in β-phase matrix. The thermal conductivity of the samples 

with 2 mass%(Si+C) was less than 5 W/m. K while it was more than 6 W/m. K for the 

sample without (Si+C). The maximum figure of merit was 1.6×10
4
 K

-1
 at 650 ºC for 

Fe0.92Mn0.08Si2  with 2 mass%(Si+C). However, the thermal conductivity of SiC was 

400-800 time higher than that of the β-FeSi2 [25] and this will deteriorate the 

thermoelectric performance. Therefore, if a material with low thermal conductivity is 

finely dispersed as a second phase in the β-matrix, the thermal conductivity of β-FeSi2 

is expected to be further reduced.  

 

Since it is difficult to get rid of ε-phase in FeSi2 compound, a composition of Fe2Si5 is 

preferred because it has no such phase. It is expected that excess Si particle from 

eutectoid reaction (α → β + Si) will be dispersed in β-matrix [26].  Furthermore, the 

annealing time needed for β-phase formation can be largely reduced because of ε-

phase is not formed in the as-grown sample. Zhao et al. [27] reported that the free Si 

phase was the most important cause of the high Seebeck coefficient of Fe2Si5 sample, 

especially at temperature range 25 °C – 300 °C. At high temperature, both number 

and mobility of charge carriers increase, so the influence of carrier scattering on 

Seebeck coefficient become insensitive. They predicted the Z of Fe2Si5 would be 

higher than that of FeSi2 due to phonon scattering by Si dispersion in the sample. 

 

4. Type IV process: A mixture of iron, silicon and copper is melted together and 

cooled down to room temperature. Yamauchi et al. [28] melted iron, silicon and 

copper powder together and cooled down to room temperature by slowly and rapidly 

solidified method. For slowly solidified alloy without Cu addition, differential thermal 

analysis (DTA) showed one sharp endothermic peak between 1000 °C and 1030 °C 

for all repeatedly heating process and this peak was equivalent to β-phase 
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decomposition to ε- and α-phase . No reaction occurred for all repeatedly cooling 

process. For slowly solidified alloy with Cu addition, a large exothermic peak 

occurred at 630 °C during the first heating process and this peak was β-phase 

formation from peritectoid or eutectoid reactions. There were two endothermic peaks 

at 950 °C and 970 °C for all repeatedly heating process. These peaks corresponded to 

reverse reaction of eutectoid reaction (β + Si →α) and peritectoid reaction (β → α + 

ε), respectively. For all repeatedly cooling process, there was one sharp exothermic 

peak at 870 °C which is equivalent to eutectoid reaction (α → β + Si). They showed 

that the addition of Cu accelerated β-phase formation especially in eutectoid reaction 

and the initial stage of the peritectoid reaction. The β transformation rate of 0.2 at% 

Cu added alloy was about 100 times higher than that of Cu-free alloy. The appropriate 

temperature for fast β formation may be located between 750 °C to 850 °C. The 

Seebeck coefficient of the Fe27.86Si71.04Mn1.0Cu0.1 alloy was about 400 μV/K, higher 

than the 290 μV/K of a conventional Fe0.9Si0.1Mn2 alloy annealed at 800 °C for 2 h 25 

min. 

 

5. Type V process: A mixture of iron and silicon is melted by special method, cooled 

down and annealed for β-phase formation. Kakemoto et al. [29] prepared a bulk β-

FeSi2 by horizontal gradient freeze method from the melt material. They reported that 

the sample was homogeneous if it was melted at 1450 ºC for 1 h. SEM image showed 

that the surface roughness was increased with decreasing Fe/Si due to Si segregation. 

Shibata et al. [30] reported that in-situ annealing at 800-900 °C directly after the 

melting could not start the peritectoid reaction (α + ε → β) effectively.  Kakemoto et 

al. [29] obtained single phase β-FeSi2 bulk crystals by ex-situ annealing at 900 ºC for 

1000 h.  Hsu et al. [31] used two-step Bridgmam growth (TGB) with a three-zone 

furnace to synthesize bulk -FeSi2. The results indicated that TGB quickly reduced 

the amount of α-phase and the optimal annealing condition to yield high -phase was 

between 800-900 °C for over 300 h.  

 

For type I, II and III processes, bulk sample must be ground by MA technique that 

might be contaminative [32]. Although hot-pressing technique results in a sample 

with density close to the theoretical value but this technique uses lot of heat energy 

per sample [22]. 
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In this thesis, I am interested in a simple method without element addition, short 

processing time and inexpensive process for the preparation of β-FeSi2. The ratios of 

Fe and Si powder will be selected as FeSi2.0, FeSi2.3 and FeSi2.5. The mixtures of 

designated composition are melted and annealed in the same furnace. Seebeck 

coefficient, electrical conductivity and thermal conductivity are measured and 

analyzed. 

 

2.2 Heat and Charge 

In order to understand the thermoelectric effects, we shall start from the most 

fundamental concepts of heat and charge. Isolated objects at different temperatures, if 

brought into contact with each other, will exchange energy in an attempt to reach 

thermal equilibrium. A heat current density is the quantity of heat which passes 

through a boundary each second per unit area and thermal driving force is the change 

in temperature per unit distance, i.e. the temperature gradient. Similarly, objects with 

different electrical potentials, if brought into contact with each other, will exchange 

charge in an attempt for electrical equilibrium. An electrical current density is the 

quantity of electrical charges which passes through a boundary each second per unit 

area. An electrical driving force is the change in electrical potential per unit of 

distance, i.e. the electrical gradient. 

 

Table 2.1: Correspondence between thermal and electrical quantities. 

 

 Thermal Electrical 

Quantity Heat Charge 

Potential Temperature Potential 

Current Type Thermal current density ( Q


) Electrical current density ( j


) 

Driving Force Temperature difference  Potential difference 

 

Ohm’s law says that the electrical current density ( j


) will be proportional to the 

electrical driving force (- V


) and the proportionality coefficient is called the 

electrical conductivity (σ). Ohm’s law is one example of a linear response. For 

thermoelectric problems of interest, linear response is an excellent approximation and 



13 

 

each of the thermoelectric properties may be defined by simple equations similar to 

Ohm’s law.  In table 2.2, the first relation connects the electrical current density to the 

electrical driving force while the second relation connects the thermal current density 

(Q


) to the thermal driving force (- )T


. The electrical and thermal conductivity are 

therefore called direct effects since they connect currents density with the related 

driving force. The electrical conductivity indicates how well a material conducts 

electricity and thermal conductivity, K, indicates how well a material conducts heat. 

However, the Seebeck coefficient, S, and Peltier coefficient ,Π, are called cross 

effects since they connect an electrical driving force  to the thermal driving force or 

thermal current density to an electric current density. The cross effects are the basis 

for utilizing thermoelectric material for energy conversion applications. The Seebeck 

coefficient indicates how large a voltage difference a material generates in a 

temperature gradient and Peltier coefficient indicates how much heat passes through a 

material for a given electric density current.  

 

Table 2.2: Definition of transport coefficients in thermoelectricity. 

 

No. Thermoelectric Property Definition Under 

Condition 

Type 

1 Electrical conductivity Vj 


  0T


 Direct 

2 Thermal conductivity TKQ 


 0j


 Direct 

3 Seebeck coefficient TSV 


 0j


 Cross 

4 Peltier coefficient jQ


  0T


 Cross 

 

In order to include the cross effects into the currents under arbitrary gradients, we 

need to add the effects together; 

 

 TSVj 


 )(                                            (2.1) 

)()( TKVQ 


 .                                         (2.2) 
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These expressions represent a generalization of Ohm’s law. In general a driving force, 

V


 or T


, can generate a current density, j


 or Q


. 

 

2.3 Thermoelectric Power or Seebeck Coefficient 

When a thermal gradient is applied to a solid, it will be accompanied by an electric 

field in the opposite direction and was discovered by Thomas Seebeck in 1826. It is 

easiest to show this effect using a one-dimensional model. Consider a piece of 

material with a uniform concentration of charge carriers. One end is hot and the other 

end is cold. The material in a temperature gradient will develop a voltage between the 

hot end and the cold end. This is because the charge carriers at the hot end have, on 

average, more energy than the charge carriers at the cold end. So, they are moving 

faster from the hot end to the cold end. On the other hand, when extra carriers have 

collected on the cold end, carries flow to the hot end because of the carrier density 

gradient. In the equilibrium situation, there is no net flow of charge carriers. A voltage 

is therefore developed between the hot and cold end. Finally, the potential difference 

(ΔV) across a piece of material is developed due to a temperature difference ΔT. The 

absolute Seebeck coefficient is defined as  

 

                                         
dV

S
dT

 .                                                                (2.3) 

 

By convention, the sign of S represents the potential of the cold side with respect to 

the hot side. If electrons diffuse from hot to cold end, then the cold side is negative 

with respect to the hot side and S is negative. In p-type semiconductor, on the other 

hand, hole would diffuse from the hot to the cold end. The cold side would be positive 

with respect to the hot side which would make S a positive quantity. 

From equation (2.3), the potential difference is given by 

 



T

T

SdTV

0

.                                                            (2.4) 

We assume that the conduction electrons in the metal behave as if they were free. This 

means that the density of state g(E)   E
1/2

. The average energy Eav per electron in a 

metal is given by [33] 
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
,                               (2.5) 

where EF0 is the Fermi energy at 0 K and kB is Boltzmann’s constant. 

 

 

 

Figure 2.2: A free electron diffuses from the high temperature end to the low 

temperature   end. 

 

From Eq. (2.5), the average energy per electron in the hot end is greater than the cold 

end. Consequently the net electrons in the hot region diffuse toward the cold region as 

shown in Fig. 2.2. Consider a small length dx over which the temperature difference is 

dT and voltage difference is dV. Suppose that one electron diffuses from the hot 

region to the cold region. It has to do work against the potential difference dV which 

is –edV. This work done against dV decreases the average energy of the electron by 

dEav from Eav(hot) to Eav(cold); 

 

–edV = Eav( T + dT ) -  Eav( T ).                                 (2.6) 

 

Substituting for Eav( T ) from equation (2.5) and expanding ( T + dT )  

 

 22

0

22

)()(
4

TdTT
E

k
edV

F

B 


.                                  (2.7) 

 

 

T + dT T  

dT 

 dV 

 dx 

Hot 
Cold 
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Neglecting dT
2
 term, we obtain 

 

                  
0

22

2 F

B

E

TdTk
edV


 .                                                       (2.8) 

Since S = dV/dT, the Seebeck coefficient is given by 

 

0

22

2 F

B

eE

Tk
S


   .                                                         (2.9) 

 

It is clear from Eq. (2.9) that S depends on temperature. It should be emphasized that 

Eq. (2.9) is based on an assumption that the conduction electrons in the material 

behave as if they were free. In reality, we have to consider the interactions of the 

carriers with ion core and lattice vibration. By including the scattering process, Mott 

and Jones [34] have derived the following expression for the Seebeck coefficient, 

 




0

22

3 F

B

eE

Tk
S 

                                                  

(2.10) 

 

where χ is a numerical constant that depends on the material, such as  χ = -1.48 for 

gold. 

 

2.4  Thermal Conductivity 

Heat transfer is due to a temperature difference. There are three modes of heat 

transfer; conduction, convection and thermal radiation. Heat conduction in solids is by 

phonons and free electrons. Heat transfer is energy transfer. Heat will be transferred 

from hot to cold surfaces and this phenomenon is known as the conduction of heat. In 

a steady state, a linear temperature profile is established in the solid and the rate of 

heat transfer, Q, is observed to be proportional to the temperature difference between 

the two surfaces (TH-TC) and the surface area of the plate, A, and inversely 

proportional to the thickness of the plate, X: 
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Figure 2.3: The conduction of heat from the hot to the cold surface. 

 

 
X

TT
AQ CH 

    .                                            (2.11) 

 

The above expression reduces to the following equation as the thickness of the plate 

approaches an infinitesimally small value; 

 

dx

txdT
K

A

Q
txq

),(
),(                                              (2.12) 

 

where q(x,t)  is the heat flux [ W.m
-2

], K is the thermal conductivity [W.m
-2

.K
-1

] and 

T(x,t) is the temperature at position x and time t. Eq. (2.12) is referred to as Fourier’s 

law of heat conduction. Thermal conductivity of material has two main components: 

the lattice (phonon component) Kph and the electronic (or hole) component Kel.  

  

Ktotal = Kel + Kph  .                                         (2.13)                                                          

 

2.4.1 Effects of Electronic Contribution on the Heat Conductivity 

In 1853, Wiedemann and Franz reported that at room temperature, the thermal 

conductivity of metal was proportional to the electrical conductivity. In 1872, Lorenz 

concluded that the ratio of thermal conductivity to electrical conductivity of pure 

metals is proportional to the absolute temperature, in the form of equation 

 

     LT
Kel 


  .                                                      (2.14)                                                          

 Heat flux 

A 

TH TC 

X 
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L is the proportionality constant called “Lorenz number.” Eq. (2.14) is usually called 

the Wiedemann- Franz law. The value of theoretical Lorenz number is defined by 

assuming that the electrons do not interact with each other and the scattering of 

electrons is due to impurities or lattice vibrations and it is elastic [35]. The law of 

Wiedemann and Franz is valid at very low temperature (10 K) and high temperature 

(T ≥ θD, where θD is Debye temperature) because in these regions the electrons are 

scatted elastically [35]. In 1927, Maxim [36] reported the value of theoretical Lorenz 

number to be  

 

L = 

23

3









e

kB
= 2.45×10

-8
 V

2
/K

2
.                                  (2.15)                                                          

 

The law is satisfied for most metals within 10% at room temperature [37]. 

Experimental values of L at 0 °C and 100 °C are given in Table 2.3 and in good 

agreement with Eq. (2.15).  For FeSi2, the Eq. (2.14) was used to calculate the Kel in 

temperature rang 30 °C – 900 °C. The value of Kel was less than 1 W/m/K and it 

increased with increasing temperature [21, 25].  

 

Table 2.3: Example of experimental values of L at 0 °C and 100 °C for metals. [38]. 

 

 

Metal 

L×10
-8

 V
2
/K

2
  

Metal 

L×10
-8

 V
2
/K

2
 

0 °C 100 °C 0 °C 100 °C 

Ag 2.31 2.37 Pb 2.47 2.56 

Au 2.35 2.40 Pt 2.51 2.60 

Cd 2.42 2.43 Sn 2.52 2.49 

Cu 2.23 2.33 W 3.04 3.20 

Mo 2.61 2.79 Zn 2.31 2.33 

 

 

 

 

 



19 

 

2.4.2 Effects of Lattice Contribution and Phonon Scattering 

Mechanism 

A simple formula of lattice thermal conductivity based on classical kinetic theory of 

gases is  

vdCK vph
3

1
                                                    (2.16) 

where Cv is the specific heat at constant volume, d  is the average phonon mean free 

path and  v  is the average phonon velocity. At high temperature, above the Debye 

temperature, Cv in Eq. (2.16) approaches the classical value of 3R where R is gas 

constant. At low temperature; 3TCv  , law of Debye. However, since Eq. (2.16) is 

based on classical kinetic theory of gas, it is not valid for a wide range of materials. 

Then that lattice thermal conductivity, using the Callaway formalism, will be, 

 

 
dx

e

ex
x

v

k
K

T

x

x

c

S

B
ph

D

 







0

4

2 1
)(

2
                                    (2.17) 

 

where  D  is Debye temperature, 
Tk

h
x

B



2
  , ω is phonon frequency and c  is 

combined relaxation time. 

 

11111   EPBDpc                                       (2.18) 

 

where 1

c  is combined mean free path, 

1

p  is mean free path  depending on phonon-phonon scattering,  

1

D  is mean free path  depending on point-defect scattering,  

1

B  is mean free path depending on grain boundary scattering and  

1

EP  is mean free path depending on electron-phonon scattering.   
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Phonon Scattering Mechanism 

1. Phonon-phonon Scattering 

In real materials, one phonon does disturb all the other phonons. The resulting 

phonon-phonon scattering rate increase with increasing temperature because there are 

more phonon. This scattering is given by  

 

21  

c .                                                          (2.19) 

 

The effect of phonon-phonon scattering to thermal conductivity, the temperature 

dependence is given by [39] 

 

]1
2

exp[ 
T

K D
p


  .                                                 (2.20) 

 

At high temperature, above Debye temperature, the thermal conductivity should be 

inversely proportional to temperature. As the temperature is lowered below the Debye 

temperature the thermal conductivity should rise exponentially until other scattering 

processes predominate. 

 

2. Point defect scattering 

A point defect is atom with difference from all of the others. A point defect is small 

and has little or no effect on long wavelength, low energy phonon. But short 

wavelength, high energy phonons are strongly scattered by point defects. For 

scattering by point defect 

 

41  

D .                                                  (2.21) 

 

3. Phonon-charge carrier scattering 

This interaction, both phonon and charge carriers will be scattered. At low 

temperature, long wavelength phonons can interact with all the charge carriers. But at 

high temperature, no charge carriers around to interact with phonon. So, the phonon-

charge carrier scattering mechanism is much more effective at low temperature, long 
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wavelength phonons than it is at scattering high temperature, short wavelength 

phonon. 

 

 1

D .                                                      (2.22) 

 

4. Grain boundary scattering 

Boundary scattering mainly affects the low frequency phonons and thus should not be 

important limitations at high temperature [40] 

 

L

vs
B 1 ,                                                      (2.23) 

 

where sv  is the sound velocity and L  is the characteristic length. 

 

2.5 Electrical Conductivity 

If there are n charge carrier per unit volume under a constant electric field E


, the 

electric current density j


is defined as 

E
m

Ene
j










2

                                                      (2.24) 

 

where σ is the electrical conductivity and  τ is a charge-carrier relaxation time which 

depends on the charge carrier scattering.  

 

The electrical conductivity of a semiconductor is given by 

 

                                  )( pne pn                                               (2.25) 

where µn and µp refer to the mobilities of the electrons and holes, and n and p refer to 

the density of electrons and holes, respectively.  A doped semiconductor, majority 

carriers greatly outnumber minority carriers, so that Eq. (2.25) can be reduced to a 

single term involving the majority carrier. Typical semiconductors can be described 

by accounting two charge-carrier scattering mechanisms, lattice scattering and 

impurity scattering. The mobility due to these scattering mechanisms is illustrated in 

Fig.2.4.  
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1. Lattice Scattering 

Lattice scattering is a result of the thermal motion of the lattice atoms at temperatures 

above zero Kelvin. Lattice scattering becomes dominant at higher temperatures 

because the lattice vibrations increase with increasing temperature. A full theoretical 

analysis shows that the mobility due to lattice scattering varies as T 
-3/2

 for a bulk 

material. 

 

2. Impurity scattering 

Impurity scattering come from the ionized donor and acceptor impurities. A passing 

charge carrier will be deflected by the Coulomb force between it and the ion. The 

probability of impurity scattering depends on the doping density and the proportion of 

those atoms that are ionized. Impurity scatting become less significant with 

temperature since above a certain temperature, the impurity atoms will be ionized and 

also the charge carriers are moving faster and interact with the impurity for a shorter 

time. The variation mobility due to impurity scattering decreases as T 
3/2 

/ N T , where 

N T is the total impurity concentration.  

 

 

 

Figure 2.4: Temperature dependence of mobilities due to lattice and impurity 

scattering in n-type Si for different electron concentration [41]. 
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The carrier concentration in a semiconductor is affected by temperature, 

)exp(
Tk

E
n

b

  where E is the conductive energy and kb is Boltzmann constant. At 

high temperature, E is the energy gap (Eg) and at low temperature E is the activation 

energy of dopant (Ea).  The temperature dependence of carrier concentration can be 

seen in Fig. 2.5. At very low temperature (large 1/T), the carrier concentration is very 

small. As the temperature is raised, donor or acceptor atoms are increasingly ionized. 

When all are fully ionized, carrier concentrations become saturated. As the 

temperature is increased even further, the thermally generated intrinsic carriers 

outnumber the dopants. In this intrinsic region, carrier concentration increases with 

increasing temperature.  In this case, only the influence of lattice 

scattering, 2/3T , can be expected. For our high temperature measurement, 

electrical conductivity become 

)exp(
Tk

E

b

g
                                               (2.26) 

  

 

 

 

 

 

 

 

 

 
 

 

 

Figure 2.5: Carrier concentration as a function of reciprocal temperature showing 

the intrinsic region, saturation region and ionization region. 
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2.6 The Efficiency and Figure of Merit of Thermoelectric 

Material 

 
In Fig. 2.6, an n-type and p-type thermoelectric material of length l are connected in 

thermal parallel and electrical series. Heat energy flux q is an input to this system. q is 

passed through the thermoelectric material by temperature difference driven.  q1  and 

q2 are heat energy fluxes that come out of the system. The n-type and p-type 

thermoelectric material are connected by the conductor, which is assumed to have 

negligible electrical resistance and thermal resistance. A load resistor R is connected 

between the n-type and p-type. I is the generated currents. 

 

The following assumptions are made for the calculation of the thermoelectric 

efficiency: 

1.   pn  over the temperature range hc TTT  , 

2. KKK pn   over the temperature range hc TTT  , 

3. SSS pn   over the temperature range hc TTT  , 

4. AAA pn   is the cross section area of the thermoelectric materials, 

where ρ is electrical resistivity (Ω.m) and K is thermal conductivity (W/m.K). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: The components of thermoelectric generator. 
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Total internal electrical resistance (r), thermal conductance ( ) and generated voltage 

(V) can be calculated from following equation: 

 

 
A

l

A

l
r

pn  2



                                               (2.27)                                                          

 
l

KA

l

AKK pn 2



                                            (2.28) 

TSTTSV ch  )(                                                (2.29) 

 

The electrical current and power delivered to the external load (R) are, 

 

Rr

TS
I




 ,                                                                (2.30) 

2

22
2

)( Rr

RTS
RIP




 .                                                (2.31) 

 

Following Ioffe [42], the input energy flux is the heat energy flux entering the hot 

junction and is given by 

 

2

2rI
ISTTq h     .                                           (2.32) 

 

In a power generation device, the efficiency ,η, is defined as a dimensionless ratio of 

power output to heat energy flux absorbed at the hot junction  
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By defining 
r

R
m   and using the expression for I from Eq. (2.29) 
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By defining                                
K

S

r

S
Z



22

  ,                                                    (2.35) 

Eq. (2.33) becomes 
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So this equation expresses the efficiency as a function of the hot and cold 

temperatures, Th and Tc and the parameters m and Z. The maximum efficiency is 

found by 0
dm

d
. 
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The maximum efficiency of the thermoelectric conversion is directly related to the 

temperature difference over which the device operates, its average temperature of 

operation and the transport properties of the thermoelectric represented by ZT , the 

dimensionless figure of merit. The larger the ZT  value, the larger the efficiency. ZT 
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value for p- and n-type thermoelectric materials are shown in Fig. 2.8. Each material 

class has its optimum temperature rang with high ZT values. For both p- and n-type of 

β-FeSi2, the maximum ZT value occurred at 570 °C (≈ 850 K). 
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Figure 2.7: The maximum thermoelectric efficiency as function of Th with a cold side 

temperature Tc = 30 °C for different constant ZT . 
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(a) n-type  

 

 

(b) p-type  

 

Figure 2.8: ZT value of thermoelectric material [43]. 
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It is clear from Eq. 2.35 that in order to obtain a high figure of merit, a large Seebeck 

coefficient and low electric resistivity is required, as well as a low thermal 

conductivity. In the following figure, we present the variation of three parameters, S, 

K and σ, against the carrier concentration, n. The ZT value reaches the maximum in 

the semiconductor region with carries concentration on the order of 10
19

 – 10
21

 cm
-3

. 

For metals, they have good electrical conductivity and thermal conductivity but very 

low Seebeck coefficient. So, metals are not suitable to make thermoelectric materials.  

 

On the other hand, for insulators, although they have large Seebeck coefficient but 

their electrical conductivity and thermal conductivity are extremely low.  It is difficult 

to improve ZT because σ, S and K are all coupled with each other. Moreover, they are 

strongly dependent on the material structure and carrier concentration. 

 

 

 

 

Figure 2.9: Seebeck coefficient (S), electrical conductivity (σ), S
2
σ, and electronic (kel) 

and lattice (kph) thermal conductivity as a function of free-carrier concentration (n) 

[39, 42]. 
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CHAPTER III 

EXPERIMENTAL METHOD 

In this chapter, we will describe the sample preparation method and characterization 

techniques.  The high temperature furnace system is used to prepare and anneal the 

sample. We will explain the components and the procedures for operating the high 

temperature furnace system. For characterization techniques, XRD and SEM are used 

to check phase and Fe-Si composition in the sample both before and after annealing. 

DTA is used to obtain the qualitative information of β-phase formation. Physical 

properties need to be measured to examine the performance of materials. The 

parameters, including the Seebeck coefficient, electrical conductivity and thermal 

conductivity, can then be determined to calculate the dimensionless figure of merit, 

ZT. Hot-probe technique is used to measure the Seebeck coefficient at room 

temperature. Laser thermal flash technique is used to measure the thermal diffusivity 

and heat capacity. A commercial equipment (ZEM-3, Ulvac, Inc.) is used to measure 

the electrical resistivity and Seebeck coefficient from room temperature to 700 °C. 

3.1 Consumable Material 

The consumable materials used for experiments are listed as followed. 

1. Silicon powder, 99% purity, of Sigma Aldrich, mesh size -325. 

2. Iron powder, 99% purity, of Goodfellow, maximum powder size 60 μm. 

3. Boron nitride releasing agent. 

3.2 High Temperature Furnace System 

The high temperature furnace system composes of five sections which are (i) gas 

cylinder, (ii) control box, (iii) high temperature furnace, (iv) pump and (v) crucible 

with cover. 

3.2.1 Gas Cylinder 

For this experiment, the Ar gas with high purity grade (TIG, 99.995%) is used to 

minimize oxidation. The gas cylinder is connected to the gas regulator. The gas 
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regulator reduces high pressure gas in the gas cylinder to lower, usable level as it 

passes to other part of system.  

 

 

Figure 3.1: The gas cylinder and gas regulators. 

 

3.2.2 Control Box 

 

 

Figure 3.2: The control box system. 

 

The control box composes of valve A, valve B, flow meter and pressure gauge. Valve 

A and valve B are three-way valve. Valve A can be in the following positions: OFF 

(Ar gas cannot flow to the system), 1 (Ar gas flow through the flow meter) or 2 (Ar 

Gas regulators 
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gas flow to the furnace).  Valve B can be in the following positions: OFF (Ar gas 

cannot flow to the furnace), 3 (Ar gas flow through furnace) and 4 (air or Ar gas is 

pumped from the furnace). Flow meter measures the flow rate of Ar gas in the range 0 

- 120 cc./min. We generally use 100 cc./min. Pressure gauge is used for measuring the 

pressure in the alumina tube. 

 

3.2.3 High Temperature Furnace 

 

 

 

 

 

 

 

Figure 3.3: The high temperature furnace. 

 

 

Figure 3.4: Schematic drawing of the furnace. 

A “Lenton” tube furnace model LTF 16/50/180 is used. This model has a maximum 

operating temperature of 1600 ºC and maximum continuously operating temperature 

of 1550 ºC [44]. The furnace is set up and modified for a controlled-gas melting and 

annealing. The heating filaments are made from silicon carbide which are mounted 

parallel to the alumina tube. 
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High purity alumina tube (99.7%) with outer diameter of 60 mm and inner diameter 

of 50 mm is installed horizontally into the furnace bores. The tube end is 

approximately 20-25 cm away from the furnace bore and it is retained by straps with 

ring clips. Both ends of tube are protected by PTFE guard rings. “Viton” O-ring can 

endure heat more than 200 ºC. O-rings are inserted between ring clips and alumina 

tube and they are inserted between the tube ends and PTFE guards. Heat blocks are 

placed in the tube for optimum temperature uniformity. Check valve is installed in the 

stainless flange to allow flow in one direction only; helping to protect alumina tube if 

over pressured.  If the pressure in the alumina tube is slightly more than the 

atmospheric pressure, gas is released through the check value. Valve C is used to 

release gas from the tube. 

3.2.4 Pump 

“Busch” vacuum pump is used to evacuate the alumina tube to the absolute pressure 

of 150 mbar. The tube was purged with Ar gas. Pumping and purging are repeated 

alternatively 10 times before operating the furnace system. This would dilute the air in 

the tube by a factor of approximately 0.15
10

 (less than 1 ppm).  

 

3.2.5 Crucible 

The cylinder alumina crucible with diameter of 29.3 mm and height of 30.2 mm is 

used in this work. We found that Fe-Si melt compound strongly stick to the crucible. 

So, inside the crucible was brushed by BN releasing agent to prevent the reaction 

between crucible and Fe-Si melt compound. 

 

 

Figure 3.5: Alumina crucible and cover coated with boron nitride releasing agent. 

 



34 
 

3.3 The Procedures for Operating the High Temperature 

Furnace System 

1. Open the stainless flange, insert the alumina crucible to the center of the 

furnace, insert the heat block, close the flange and close the valve C. 

2. Set valve A to “OFF” and valve B to “4”. Pump the alumina tube until the 

pressure gauge is approximately constant (around -0.9 bar). 

3. Set valve A to “2” and valve B to “OFF”. Flow Ar gas into the alumina tube 

until the pressure gauge read 0 bar.  

4. Repeat step 2 and 3 for 10 times. 

5. Set valve A to “1” and valve B to “3”. Flow Ar gas into the alumina tube until 

the flow meter reads 100 cc. /min.  

6. Set program to operate the furnace system. 

 

3.4 Sample Preparation 

A mixture of Fe and Si powders with Fe/Si atomic ratio 1:2.0, 1:2.3 and 1:2.5 were 

mixed by mortar and pestle. The mixed powders were melted in an alumina crucible 

coated with boron nitride releasing agent.  The crucible was put inside a tube furnace 

which has the argon gas flowing at the rate of 100 cc/min. The powder was heated up 

to 800 ˚C at the rate of 8 ˚C/min, and then to temperature Tm at the rate of 5 ˚C/min. 

The molten material was held for 1 h at this temperature. After cooling at the rate of 5 

˚C/min to 800 ˚C at the rate of 8 ˚C/min to room temperature as shown in Fig.3.6, 

samples were cut into slices with a thickness of approximately 1.7 mm and polished. 

Impurity on samples surface were removed by washing with alcohol and deionized 

water. Three types (FeSi2.0, FeSi2.3, FeSi2.5) of samples were ex-situ annealed at 820 

°C or 950 ˚C for various time durations. 

The bulk samples are mounted on a ceramic plate using a thermoset-cement and they 

are cut by diamond wheel saw as shown in Fig. 3.7. The samples are cut to slices with 

a thickness of 1.7 mm for XRD and SEM measurement and cut to a bar shape for 

Seebeck coefficient and resistivity measurement at high temperature. These figures 

will be shown in section 4.1. Cement on the sample is removed by isopropyl alcohol 

(IPA) and impurity on sample surface is removed by washing with alcohol and 
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deionized water. Samples are polished with sandpaper. The samples are dried by hot a 

plate at around 100-120 °C. 

 

 

  

 

 

 

 

Figure 3.6: The temperature profile used to prepare the  Fe and Si powder. 

 

 

 

 

 

Figure 3.7: Precision diamond saw (LECO, VC-50) [45]. 
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3.5 Characterization Technique 

3.5.1 X-Ray Powder Diffraction (XRD) 

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for 

phase identification of a crystalline material and can provide information on unit cell 

dimensions. If we consider a characteristic X- ray beam of wavelength λ, is incident 

on a pair of parallel planes, separated by an interplanar spacing d. The two parallel 

incident rays make an angle θ with these planes. A reflected beam of maximum 

intensity will result if the waves are in phase. The ray from the second row of atoms 

travels a distance (AB + AC) greater than the ray from the top row. For this to produce 

a diffraction maximum the path difference must be an integer number of wavelengths. 

But AB and AC both equal dsinθ, we can express this relationship mathematically in 

Bragg’s law 

                                                     2dsinθ = nλ.                                                        (3.1) 

 

Figure 3.8: X-ray diffraction from atoms in a crystalline material. 

The diffraction pattern includes information about peak position (2θ) and intensity (I). 

The peak positions are indicative of crystal structure. The peak intensities reflect from 

each plane is directly dependent on the distribution of the electrons in the unit cell.  

The relation for the relative intensity of pattern lines: 
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 F is the structure factor and  

θ is Bragg’s angle.  

The structure factor is sum of electron density at each point in the unit cell multiplied 

by complex number exp[2πi(hx + ky + lz)]. That is  

 
cell

hkl dVlzkyhxixyzF )](2exp[).(  .                        (3.3) 

A given set of planes with h, k, l cut the a-axis of the unit cell in h sections, the b axis 

in k sections and the c axis in l sections. For diffraction X-ray technique powder, 

incident beam of monochromatic X-ray interacts with a sample which is in the form 

of powder. These specimens must contain sufficient particles with the correct 

orientation to allow diffraction from all possible diffracting planes when rotated in the 

X-ray beam. In this work, the structural information can be investigated by using the 

Bruker AXS and 2θ-scan is from 20º to 60º, 0.02º per step and scanning rate is 2º per 

minute. The XRD pattern is compared to Powder Diffraction File (PDF) of the 

International Centre for Diffraction Data. File No. 74-1285, No. 73-1843 for β-FeSi2, 

file No. 76-1748 for ε-FeSi, file No. 41-1221 for α-Fe2Si5, file No. 80-0018 for Si and 

file No.34-0529 for Fe. 

3.5.2 Scanning Electron Microscope (SEM) 

In scanning electron microscope, a solid sample is bombarded in vacuum by primary 

electron beam. Primary electron beam is produced from electron gun and it is focused 

by electromagnetic lens to a few nanometer in diameter. When an electron passes 

through an electromagnetic lens, it is subjected to two vector forces. A force parallel 

to the Z axis of the lens, FZ, and a force parallel to the radius of the lens, FR. These 

forces are responsible for two different actions on the electron, spiraling and focusing. 

The force FZ causes electron to spiral through the lens. This spiraling causes the 

electron to experience FR which causes the beam to be compressed toward the optical 

axis. The electromagnetic lens works by Lorentz force, )( BveF


  . The electrons 

spiral through the lens in a helical trajectory, the frequency of which is the electron 

cyclotron frequency, : 

m

eB
 .                                                                    (3.4) 
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Figure 3.9: The scanning electron microscope components [46]. 

At the bottom end of the column, a set of scanning coils move the focus beam back 

and forth across the sample, row by row. When a primary electrons beam strikes a 

sample. A large number of signals are generated: backscattered electrons, secondary 

electrons, X-ray, Auger electrons. A detector counts these electrons and sends the 

signals to an amplifier. The final image is displayed on a screen. The interaction 

between primary electron and the sample may be elastic or inelastic depending on the 

deflection of the primary electron. At a large-angle deflection, elastic interaction is 

occurred. Inelastic interaction occurs at small-angle deflection. 

The volume inside the sample when the interaction was occurred depends on the 

following factors: 

- Atomic number of the material: higher atomic number materials absorb or 

stop more electrons, smaller interaction volume. 

- Accelerating voltage: higher voltages, penetration lengths are long and cause 

a lager interaction volume. 
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- Angle of incidence for the electron beam: the greater the angle from the 

normal of the sample surface, the smaller the interaction volume. 

 

 

 

 

 

 

 

 

Figure 3.10: Cross sections of electron lens. The electron path through the lens is 

helical. Electron further from the optical axis undergoes greater deflection. 

 

 

Figure 3.11: Photon and charge particle emission from electrons beam strikes a 

sample. 
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(a) 

 

 

(b) 

Figure 3.12: Schematics show the excitation volume: (a) vary accelerating voltage 

and (b) vary atomic number of the material. 

 

Our discussion will focus upon backscattered electrons and secondary electrons. 

3.5.2.1 Backscattered Electrons (BSE) 

These electrons are the beam electrons that interact with the electric field of the 

nucleus of a sample atom, resulting in a change in the direction of beam electrons 

without a significant change in the energy of beam electrons, i.e. elastic collisions. 

This mode provides image contrast as a function of elemental composition, i.e., higher 
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atomic number material appears brighter than low atomic number material because as 

the atom nucleus increases, the number of BSEs increases. Thus, BSEs can be used to 

get an image that has different elements present in the sample. To create an SEM 

image, the emitted electrons are detected for each position in the scanned area by an 

electron detector. The intensity of the electron signal is displayed as brightness on a 

cathode ray tube (CRT). The CRT display represents the morphology of the sample 

surface area. Magnification of the CRT image is the ratio of the image display size to 

the sample area scanned by electron beam. In this work, we use the BSE image to 

identify the α-, ε- , or β- phase of the sample. 

 

3.5.2.2 Secondary Electrons (SE) 

Secondary electrons are electrons that have been ejected from the electron shell when 

beam of electrons interact with the electric field, produce from electron in sample 

atom. The result is a transfer of energy to the sample atom and expulsion of electron 

from that atom as a SEs. If the vacancy due to the creation of a SEs is filled from a 

higher level orbital, characteristic X-Ray of that energy transition is produced. In the 

spectrum range of 0-20 keV, all elements from boron to uranium are detected. 

In this work, X-ray spectroscopy that is known as Energy Dispersive X-ray 

Spectroscopy, EDS is used to determine the chemical composition of the sample by 

detecting characteristic X-ray. The weight or atomic percent of the sample can be 

calculated from the area under the peaks. 

 

 

 

Figure 3.13:  An example of EDS spectrum of Fe-Si compound. 

Continuum Bremsstrahlung 
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We employed the scanning electron microscope, Phillips XL30CP. Because the SEM 

works with electrons, the samples must be electrically conductive to prevent charge 

accumulation on the sample surface. Carbon tape is used for this propose. 

3.5.3 Thermal Analysis 

Thermal analysis is the analysis of a change in a property of a sample when 

temperature changes. There are many methods in thermal analysis. Of these 

techniques for detecting properties, the five shown below are commonly used 

techniques representative of thermal analysis. 

Table 3.1: Thermal Analysis Categories. 

Name Measurement Object Unit 

Differential Thermal Analysis (DTA) Temperature difference °C/μV 

Differential Scanning Calorimetry (DSC) Thermal Flow difference W 

Thermogravimetry (TG) Mass change mg 

Themomechanical Analysis (TMA) Length mm 

Dynamic Thermomechanical 

Measurements (DMA) 

Electricity Pa 

 

Differential thermal analysis, DTA, is the simplest and most widely used thermal 

analysis technique to identify the reaction temperature. The temperature difference 

(∆T) between the sample and inert reference material is recorded under identical 

conditions  

∆T = Ts – Tr                                                           (3.5) 

where Ts is the sample temperature and Tr is the reference temperature. DTA system 

consists of two identical sample holders containing small amount sample and inert 

reference material respectively. Both sample holders are heated by single heater and 

they are connected to the thermocouples measuring temperature, Ts and Tr. 

Thermocouples are connected to a voltmeter which reports the temperature difference 

as μV-signal. As furnace temperature is increased and no reaction occurs in the 

sample, ∆T will be roughly constant or change slowly. If the transformation of the 

sample has occurred, ∆T will increase or decrease rapidly because the input heat will 
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raise the temperature of reference while the sample phase transition involves a latent 

heat. 

The reference material should have the following characteristics: 

(i) It should undergo no thermal events over the operating temperature 

rang. 

(ii) It should not react with the sample holder or thermocouple. 

(iii) Both the thermal conductivity and the heat capacity of the reference 

should be similar to those of the sample. 

Alumina, Al2O3, and carborundum, SiC, have been extensively used as reference 

material. 

 

 

 

 

 

 

Figure 3.14: DTA system. 

DTA curve is a plot between furnace temperature on the x-axis and the temperature 

difference on the y-axis. It provides data on phase transformations that occurre on the 

sample. Empty run is performed prior to the measurement to provide a base-line, 

which will be subtracted from the measured data. 

∆T is negative for the endothermic reaction and positive for the exothermic reaction. 

In this work, DTA is used to identify the   β-phase formation, such as peritectoid and 

eutectoid reaction. The machine in use is Netzsch STA model 449C Jupiter. 
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Figure 3.15: DTA curve show endothermic and exothermic peak. 

 

3.5.4 Seebeck Coefficient and Electrical Resistivity Measuring 

System 

3.5.4.1 Hot-Probe Seebeck Coefficient Measurement 

The Seebeck coefficient at room temperature is measured by a hot-probe technique. A 

schematic diagram of an apparatus is shown in Fig.3.16. The hot probe is made from 

Cu rod where its tip is heated by enamel-coated Cu coil connected to a DC power 

supply. A hot probe tip is positioned on to the top surface of the sample. The 

thermocouple (type K) is attached to the probe to measure the probe-tip temperature 

(TH). The bottom of the sample is in contact with a large Cu block which acts as a 

heat sink. Another thermocouple (type K) is also attached to this block for the 

measurement of base temperature (TC). Additional Cu wires are attached to the tip and 

the Cu block in order to measure the developed voltage. In this experiment, TC of Cu 

block does not change because of its large mass and small heating power at the tip. 

The probe tip heats the sample in the vicinity of the tip leading to a temperature 

gradient. The measurement is done over the temperature range of 26-40 ºC. The 

potential different, ΔV, TH and TC can be read sequentially by Keithley™ digital 

millimeter model 2700 equipped with a scanner card model 7100. The convention for 

our system is that if the sign of ΔV is minus, the major carriers will be electrons. On 

the other hand, if the sign of ΔV is positive, the major carries will be holes. Because 

TC is practically constant for our system, the Seebeck coefficient is usually 

determined from the slope of ΔV versus TH.  
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Figure 3.16: Schematic of Seebeck measurement setup. 

 

 

 

 

 

 

 

 

 

Figure 3.17: The voltage- TH plot and the slope is Seebeck coefficient. 

 

3.5.4.2 Seebeck Coefficient and Electrical Resistivity at High Temperature 

The DC four-terminal method is used to measure the electric resistance by applying a 

constant current (I) between both ends of the sample and measuring the change in 

voltage V between one wires at each of the two thermocouple pair as shown in Fig. 

3.18. The Seebeck coefficient is measured by a static DC method based on the slope 

of a voltage versus temperature-difference curve. The diagram is shown in Fig. 3.19. 
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The commercial equipment (ZEM-3, Ulvac, Inc.) is used to measure the electric 

resistivity and Seebeck coefficient on the same bar-type sample with a dimension 2 

mm by 4 mm in cross section and 15-17 mm in length. This equipment is set up at 

Thailand Institute of Scientific and Technological Research. Before starting the 

measurement, a V-I plot made to check whether the sample is properly contacted with 

the detecting probes. All measurements can be controlled by computer and raw data 

are automatically saved. The error of the Seebeck coefficient and electrical resistivity 

measurements were estimated to be less than %5 [47].   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: Diagram of high temperature electrical resistivity measurement. 
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Figure 3.19: Diagram of high temperature Seebeck coefficient measurement. 

 

 

Figure 3.20: The commercial equipment (ZEM-3, Ulvac, Inc.) is used to measure the 

electric resistance and Seebeck coefficient from room temperature to 700 °C. [48] 
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3.5.5 Measurement of Thermal Properties 

Thermal conductivity (K) measurements at steady-state condition are difficult and 

time consuming. The fundamental quantity that enters into heat transfer situation at 

steady state is the thermal diffusivity (λ). The diffusivity is a measure of how 

quickly a body can change its temperature. It increases with the ability of a body to 

conduct heat. This is converted to the stead- state thermal conductivity through the 

equation  

                                              K = λρCp                                                  (3.11) 

where ρ is density and Cp is specific heat. 

 Consider the one dimension of heat equation: 

  
2

2
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                                                (3.12) 

note c
2
 = λ is referred to as the thermal diffusivity. 

The solution of heat equation can be solved by separation of variable method: 
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The measurement of the thermal diffusivity of a material is usually carried out by 

rapid heating (≤ 1 msec) one side of a sample and measuring the temperature rise 

curve on the opposite side. The time that it takes for the heat to travel through the 

sample and cause the temperature to rise on the rear face calculates the through-plane 

thermal conductivity if the specific heat density is known. 

Before the flash, the temperature of the sample and surroundings is at some uniform 

temperature. Assuming that t = 0, the heat quantity, Q, given by an instantaneous 

pulse heat source is absorbed in an area of small depth  ,h,  on the surface of the 

sample and  the heat flux lines are parallel and directed through the sample; there is 

no heat flow in the plane of the sample. Temperature distribution is given by 
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Figure 3.21: Principles of flash method. 

 

From equation (2.15), the temperature distribution after time t: 
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From equation (3.15), the maximum temperature at x= L: 
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Figure 3.22: Relationship between Γ(L,t) and η. 

The relation between ),( tL  and η is shown in figure 3.22. This curve represents the 

temperature change on the back side of sample. Since η is equal to 1.37 when 

),( tL = 0.5. Thermal diffusivity is given as following equation (3.18). 

2/1

2

2

37.1
t

L


                                                     (3.20) 

where 2/1t  is the time required for temperature on the back side of the sample to reach 

½ of the maximum value after the sample surface is irradiated with instantaneous heat 

source.  

In this work, the thermal diffusivity is measured by a laser-flash method using a 

commercial ULVAC machine TC-7000H. The error of the thermal diffusivity 

measurements was about 10% [47]. The system is horizontal arrangement and its 

consists of a Rb laser, a vacuum chamber, a computer and an infrared radiation 

thermometer equipped with an InSb as shown in Fig.3.23. 

η 

),( tL

 

 

0.5 

1.37 
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Figure 3.23: A schematic diagram of the laser flash unit. 

The laser is generated from high speed Xenon discharge pulse source, generated a 

maximum 2-9.5 J/pulse. The sample requires a disk shape with diameter 10 mm and 

thickness 1-3 mm. The two surfaces are parallel and flat. The sample is coated with 

graphite to avoid a high laser reflection. In the process of measuring, the front surface 

of the sample is irradiated with laser beam. The laser energy is absorbed on the front 

surface of the sample and gets converted into the heat energy. The heat energy travels 

through the sample. Immediately after the laser pulse, the rear surface is monitored by 

using InSb infrared detector. The computer uses the rear surface temperature versus 

time trace to obtain a value of half rise time, 2/1t .  The magnitude of the temperature 

rise and the amount of laser energy are not required for thermal diffusivity 

determination, but only the shape of curve, which is used in the analysis.  

The flash method for measuring thermal diffusivity was also used to measure the 

specific heat, Cp 
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                                                       (3.21) 

where ΔT is temperature rise. 

The laser energy, Q, is the quantity of heat absorbed by the sample and it depends on 

emissivity, ε. The proposed route is to measure the temperature rise of a reference 

sample of known specific heat, in order to determine the energy input. However, it is 

necessary to coat both sample and reference with a coating usually graphite to ensure 

the same energy absorption. For reference, the relationship between temperature rise 

and laser energy is 

TCLQ p
                                                           (3.22) 

where the prime refer to the reference sample. For the unknown sample using the 

same energy input and coating 

TLCQ p  .                                                            (3.23) 

If   , the Eqs. (3.22) equal to (3.23) and then 

 TLCTCL pp                                                                (3.24) 

TL

TCL
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p

p

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


.                                                         (3.25) 

 The thermal conductivity is calculated using the equation (3.11).  

 



CHAPTER IV 

RESULT AND DISCUSSION 

4.1 As-Grown Sample 

Figure 4.1 shows a bulk of the as-grown Fe-Si compound  for FeSix sample. The 

shape of sample is semispherical-like, a drop of liquid metal. Most of the surface look 

shiny but a dull thin layer cover a bottom of it. Kloc et al. [49] synthesised Fe – Si 

compound by Czochralski technique, a method of producing large single crystals by 

inserting a small seed crystal of germanium, silicon, or other semiconductor material 

into a crucible filled with similar molten material, then slowly pulling the seed up 

from the melt while rotating it. During melting of Fe and Si in Ar atmosphere, a dull 

thin layer of oxide coverd the surface. After heating in vacuum, the dull layer slowly 

disappeared and the surface of the melt became shiny. From these results, it may be 

imply that the dull thin layer  on the as-grown sample is oxide layer. However, the 

accurarte result will be confirmed by EDS measurement and it is presented in  section 

4.3. 

 

 

Figure 4.1: As-grown FeSix sample. 

The samples are cut into slices with a thickness of 1.7 mm for XRD and SEM 

measurements, bar with a rectangular shape 15- 20 mm in length, 2 mm in width and 

4 mm in thickness for Seebeck coefficient and resistivity measurement at high 

temperature and disk shape, 10-15 mm in diameter, 2-4 mm in thickness for thermal 

diffusivity measurement as shown in Fig.4.2, Fig 4.3 and Fig.4.4, respectively.  

dull thin layer 
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(a)                                                     (b) 

 

Figure 4.2: Cross section of FeSix after cutting by precision diamond saw, (a) before  

polishing and (b) after polishing by sandpaper. They were prepared for XRD and 

SEM measurement. 

 

 

 

Figure 4.3: Bar shape  of FeSix after cutting by precision diamond saw prepared for 

electrical resistivity and Seebeck coefficient measurement. 

 

 

 

Figure 4.4: Disk shape  of FeSix after cutting by precision diamond saw prepared for 

thermal diffusivity measurement. 
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4. 2 Effect of Melting Temperature and Melting Time on the 

Grain Size of ε-phase and Seebeck Coefficient 

 

 

(a)  

 

(b) 

Figure 4.5: 30x SEM micrograph of FeSi2.3 melted at (a) 1450 ºC and (b) 1550 ºC for 

1 h. α-phase surrounding the ε-phase is lighter color than that of α-phase matrix. 

ε-phase 
α-phase 
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Kakemoto et al. [29] reported that the structural of Fe and Si with atomic ratio Fe/Si = 

1/2, 2/5 and 1/3 was homogenous when it was melted at 1450 ºC for 1 h. In this work, 

we found that the samples were brittle when they were melted at 1450 ºC for 1 h or 2 

h, especially in FeSi2.5 sample which has the highest Si content. The highest operating 

temperature of furnace is 1600 ºC and melting point of Fe and Si are 1538 ºC and 

1414 ºC respectively. So, the samples are melted at 1550 ºC for 1 h and 2 h. We 

expect that the grain size of ε-phase is increased with temperature. In order to 

investigate the effect of melting temperature on the grain size of ε-phase, two samples 

were prepared with melting temperatures at 1450 ºC and 1550 ºC for 1 h. SEM 

micrographs of these samples are shown in Fig. 4.5. Both have ε-phase inclusions in 

the matrix of α-phase. No difference in grain size of ε-phase can be observed. The 

surface of the sample melted at 1550 ºC is smoother than that melted at 1450 ºC. This 

result indicates that the grain size of ε-phase is independent on the selecting 

temperatures, 1450 °C and 1550 °C. However, the effects of another melting 

temperature on the grain size of ε-phase are required before this can be concluded.   

The effects of melting time and melting temperature on the Seebeck coefficient are 

shown in Fig. 4.6 and Fig. 4.7, respectively. The Seebeck coefficient does not 

significantly change with the melting time or melting temperature range measured 

here but it depends on only Si content in the starting sample. The Seebeck coefficient 

of Si that is used in this work is around 140 μV/K. The Seebeck coefficient is highest 

value in the as-grown FeSi2.5 sample because it has higher Si content than FeSi2.0 and 

FeSi2.3 samples. These results imply that the amount of ε-phase does not increase 

when increasing of melting time and melting temperature. Therefore, next experiment 

will use melting temperature at 1550 ºC for 1 h. 

 

 4.3 XRD and SEM Image of As-Grown Sample 

Figure 4.8 shows the XRD pattern of as-grown samples. Symbols represent peak 

positions and relative intensity for each phase of silicon-iron compounds or element 

using database of a computer program PCPDFWIN version 2.01. The elemental Si 

(2θ ≈ 28.4º) and Fe (2θ ≈ 44.8º) peaks are unseen. FeSi2.0 and FeSi2.3 samples 

compose mainly of α- and ε- phases. The β- phase was not found in all as-grown 
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samples. For FeSi2.3 sample, the relative XRD intensity of ε to α-phase decreased and 

FeSi2.5 sample has only α-phase.  
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Figure 4.6: The Seebeck coefficient of the as-grown samples melted at 1550 °C for 1 

and 2 h. 
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Figure 4.7: Seebeck coefficient of the as-grown samples melted for 1 h at 1450 °C 

and 1550 °C.
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SEM micrographs of as-grown samples after polishing are shown in Fig.4.9. EDS 

analysis of all samples over a square-millimeter area confirms that the Si/Fe ratio is as 

same as that of the prepared mixture before melting. Some cracks are observed which 

occur during cutting and polishing. The Fe/Si ratios obtained from EDS spectrum 

confirm that the white dot in Fig. 4.8(A) is ε-FeSi. The Fe:Si atomic ratio of these 

white dots as shown in Table 4.1 is in the range of  1: (1.07-1.13) . The background 

(dark area) of all pictures in Fig. 4.8 has the Fe:Si ratio in the range of 1: (2.46 - 1.51)  

which is equivalent to α–Fe2Si5. In FeSi2.0 sample, the shape of ε-phase is mostly 

round with the diameter of approximately 10 μm. In FeSi2.3 sample, the amount and 

size of ε-phase decrease. The ε-phase with a size from 3μm to 10 μm is distributed 

within the α-matrix. The boundaries between the two phases are irregular in shape. In 

FeSi2.5 sample, the structures consist of only α-phase and this sample is very brittle. 

These results are inconsistent with the XRD pattern. Oxygen content was not detected 

by EDS. 

In summary, β-phase does not form in as-grown samples. Theoretically, super-cooling 

by more than 230 ºC per minute is necessary to form β-FeSi2 directly from melt [17]. 

The amount and size of ε-phase decrease and the brittleness increases which 

increasing Si/Fe ratio. 

 

Table 4.1: EDS measurement for the as-grown samples. 

Sample ε phase (Fe:Si = 1:1) β phase (Fe:Si = 1: 2) α phase (Fe:Si = 1: 2.5) 

FeSi2.0  Fe:Si = 1 : 1.13 Not detectable Fe:Si = 1 : 2.47 

FeSi2.3  Fe:Si = 1 : 1.07 Not detectable Fe:Si = 1 : 2.46 

  FeSi2.5  Not detectable Not detectable Fe:Si = 1 : 2.51 
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(a) As-grown FeSi2.0 
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(b) As-grown FeSi2.3 
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(c) As-grown FeSi2.5 

Figure 4.8: XRD patterns of as-grown FeSi2.0, FeSi2.3and  FeSi2.5 samples. 
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(a) As-grown FeSi2.0 

 

 

(b) As-grown FeSi2.3 

 

 

(c) As-grown FeSi2.5 

 

Figure 4.9: Surface morphology of FeSi2.0, FeSi2.3 and  FeSi2.5 samples observed by 

SEM.  

ε-FeSi 
α-Fe2Si5 
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4.4 DTA Measurement 

According to the phase transformation reaction, other phases of as-grown sample can 

be changed to β-phase by thermal treatment. DTA was carried out to obtain 

qualitative information of β-phase formation. In Table 4.2, we summarize annealing 

temperature for all reactions reported in several publications.  

From Fig. 4.10, for FeSi2.0, FeSi2.3 samples, there are two endothermic peaks in the 

temperature range 960-1010 °C for all heating stages and one broad exothermic peak 

around 830 °C for all cooling stages. For FeSi2.5 sample, there is only one sharp 

endothermic peak at 960 °C during heating stage. Further heating stage produces a 

smaller 960 °C endothermic peak because less α-phase existed.  

Isothermal annealing at 830 °C led to the semiconducting β-phase transformation by 

peritectoid reaction, (ε + α → β), or subsequence reaction, (ε + Si → β) [26, 28, 50,  

52]. However, degree of peritectoid reaction of our sample is small and the 

exothermic peak during cooling stage of FeSi2.0, FeSi2.3 samples becomes broad. 

There is no ε-phase presented in the as-grown FeSi2.5 sample and therefore the 

peritectoid reaction or subsequence reaction could not occur. The exothermic peak 

around 830 °C could not be observed.  

Table 4.2: Summary of annealing temperature. 

Publication Annealing 

Temperature 

Results 

Sakata et al.[17] Above 865 ºC 

Below 860 ºC 

At 800 ºC 

At 986 °C 

ε and α  increased,  β decreased 

ε and α  decreased,  β increased 

α → β + Si, ε + Si → β 

α+ ε → β 

Yamauchi et al.[26] Below 870 ºC α → β + Si , α+ ε → β 

Yamauchi et al.[28] 1007 – 1027 °C β → ε + α 

Kojima et al. [50] Above 855 ºC 

Below 855 ºC 

α+ ε → β 

α → β + Si, ε + Si → β 

Ur. S.C. [52] At 830 ºC 

At 1100 ºC 

α+ ε → β 

α and  ε formation 
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The first endothermic peak for 1
st
 heating stage of FeSi2.0 and FeSi2.3 samples occurs 

at 960 °C. This peak shifts to higher temperature for 2
nd

 and 3
rd

 heating stage (at 

temperature range of 960-975 °C). Interestingly, this peak exists at 960 °C for all 

heating stages of FeSi2.5 sample where initial sample contains only α-phase. The 

endothermic peak at 960 °C corresponds to the eutectoid reaction (α→ β + Si). This 

reaction has been confirmed by SEM images (Fig. 4.13) and XRD patterns (Fig. 4.14) 

of the annealed samples at 950 °C. FeSi2.0 and FeSi2.3 samples have ε- and α-phases, 

the peritectoid reaction (α+ ε → β) appears at 986 °C, quite close to the reported value 

975 °C [26]. Therefore, the temperature rang 960-975 °C consists of both peritectoid 

and eutectoid reactions.  As-grown FeSi2.5 sample do not consists of ε-phase, only 

eutectoid reaction occurs at 960 °C. 

The endothermic peaks at 1010 °C for FeSi2.0 sample become smaller for FeSi2.3 

sample and disappear for FeSi2.5 sample. This implies that this peak must be 

associated with ε-phase. This peak has been identified as a reversed peritectoid 

reaction (β → α + ε) [52, 50]. Subsequent heating stage produced stronger 1010 °C 

endothermic peak because more β-phase was formed. 
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Figure 4.10: DTA curves of as-grown (a) FeSi2.0, (b) FeSi2.3 and  (c) FeSi2.5 samples. 
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4.5 Annealed Samples 

4.5.1 SEM Image 

From the DTA results, the as grown samples were annealed specifically at 820 °C and 

950 °C for 3, 6 and 12 h.  Figure 4.11 shows microstructure of annealed FeSi2.0 

sample. In case of annealing at 820 °C for 6 h, a small ring-like structure β-phase 

layer formed around the ε-phase due to the peritectoid reaction. The thickness of β 

ring is about 8 to 10 μm. Yamauchi et al. [53] reported that the β-phase formation 

from peritectoid reaction gave the ring-like structure surrounding ε-phase while the 

eutectoid structure gave the structure composed of β-phase and excessive strip line Si. 

Ito et al. [21] reported that the the β-phase was obtained from sintered compacts 

through a heat treatment around 700-900 ˚C for about 100 h. Hsu et al.[31] 

synthesized a bulk β-FeSi2 and reported that the optimal annealing condition ,yielding 

more β-phase of iron disilicide, were at 800 – 900 ºC for over 300 h . Kakemoto et al. 

[29] successfully obtained a single β-FeSi2 bulk crystal by annealing at 900 ºC for 

1000 h. The kinetics for this conversion has been known to be sluggish [26]. 

Therefore, it is not surprised that the thickness of β ring of the annealed sample at 820 

ºC for 12 h is similar to that of annealed sample for 6 h. This information has alarmed 

us that the starting amount and size of ε-phase must be as small as possible to increase 

contact areas between the ε- and α phases. 

Table 4.3 shows EDS measurement of the annealed samples. For annealed FeSi2.5 

sample, the β-phase is not detectable because EDS analysis covers areas of β- and Si 

phases. 

Table 4.3: EDS measurement of the annealed samples. 

Sample condition ε-phase  

(Fe:Si = 1:1) 

β-phase  

(Fe:Si = 1: 2) 

α-phase  

(Fe:Si = 1: 2.5) 

FeSi2.0 annealing at 820 ºC 

for 6 h 

Fe:Si = 1 : 1.11 Fe:Si = 1 : 2.04 Fe:Si = 1 : 2.36 

FeSi2.0 annealing at 950 ºC 

for 6 h 

Fe:Si = 1 : 1.05 Fe:Si = 1 : 2.07 Fe:Si = 1 : 2.45 

FeSi2.3 annealing at 820 ºC 

for 18 h /950 ºC for 12 h 

Fe:Si = 1 : 1.10 Fe:Si = 1 : 2.10 Fe:Si = 1 : 2.44 

FeSi2.5 annealing at 950 ºC 

for 6 h 

Not detectable Not detectable Fe:Si = 1 : 2.51 
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(a)  

 

 

(b)

Figure 4.11: SEM image of FeSi2.0 sample annealed for 6 h at (a) 820 °C and (b) 950 

°C. 

ε-phase 

β-ring 

β+ Si 

β-phase 

α-phase 
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Figure 4.11(b) shows SEM image at a magnification of 3000 of the annealed FeSi2.0 

sample at 950 °C. Its structure shows Si network from eutectoid reaction and Si 

network disperses in the β matrix. At this temperature, pure β-phase occurred from 

peritectoid reaction as reported in DTA results. 

 

Figure 4.12: SEM image of FeSi2.3 sample annealed at 820 °C for 18 h and at 950 °C 

for 12 h. 

For FeSi2.5 sample, the starting phase is α-phase. SEM image after 950 ˚C annealing is 

shown in Fig.4.13. It shows that α-phase decomposes to β- and Si- phases and Si 

particles were homogeneously distributed in the β-matrix. From table 4.3, the EDS 

analysis over a square millimeter covering β + Si area is equivalent to the composition 

of α –Fe2Si5 It should be noted that 100% β-phase formation without ε or α-phases is 

from the eutectoid reaction only because it is difficult to get rid of ε-phase by a few 

hour annealing. 

β+ Si 

β-phase 

ε 
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Figure 4.13: SEM image of the annealed FeSi2.5 sample at 950 °C for 6 h. 

 

4.5.2 XRD Pattern 

XRD pattern of FeSi2.3 after 820 °C annealing is shown in Fig. 4.14. At this annealing 

temperature, the β-formation occurs by the peritectoid reaction (α+ ε → β). So, Si 

peak cannot be seen. These results are consistent with SEM and DTA results. The 

intensity of β-phase is not significantly different for 3, 6 and 12 h annealing time. 

XRD patterns of FeSi2.0, FeSi2.3 and FeSi2.5 samples annealed at 950 ºC for 6 h are 

shown in Fig.4.15. It is clear that β-phase is formed by an observation of strong peak 

2θ ≈ 29.1° (100% intensity) and 2θ ≈ 49.4° in all samples. For FeSi2.3 and  FeSi2.5 

samples, Si peak (2θ ≈ 28.4°) can be slightly seen as a result of eutectoid reaction. 

SEM micrograph of the annealed sample still shows pure ε-phase, this might indicate 

that those pure ε-phases are small in quantity and below detectable limit of XRD 

machine.  
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Figure 4.14: XRD patterns of sample FeSi2.3 annealed at 820 ºC for 6 h. 

β+ Si 
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(a) 

 

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

(c) 

Figure 4.15: XRD patterns of (a) FeSi2.0, (b) FeSi2.3and  (c) FeSi2.5 samples annealed 

at 950 ºC for 6 h. 
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4.6 Seebeck Coefficient  

4.6.1 Seebeck Coefficient at Room Temperature 

In this work, the Seebeck coefficient is positive for all compositions. According to our 

apparatus configuration, these mean that hole-like carrier dominates the transport. 

Unintentional doping of sample is due to the unknown impurity in raw materials and 

BN released agent used. Zhengxin et al. [54] studied the effect of doping β-FeSi2 thin 

film with boron and arsenic by sputtering method. The results indicated that the β-

FeSi2 thin film doped with boron was p-type. The relation between the Si content and 

Seebeck coefficient was studied by several researchers. Tani et al. [55] studied the 

thermoelectric properties of FeSix (1.9 ≤ x ≤ 2.4). They reported that the Seebeck 

coefficient at room temperature for x = 1.90, 2.10 and 2.20 was negative, while it was 

positive for x = 2.00, 2.05 and 2.40. The maximum Seebeck coefficient was -470 

μV/K for x = 2.20. Komabayashi et al. [56] measured the Seebeck coefficient of the 

FeSix films where x was in the range of 1.64 < x < 2.32. In the region of x < 1.95, the 

Seebeck coefficient was small (10 – 30 μV/K) while in the region of 1.95 < x < 2.06, 

Seebeck coefficient increased with increasing x. The maximum value of Seebeck 

coefficient was found to be 230 μV/K near x = 2.06. The Seebeck coefficient changes 

its sign near x = 2.08 and was negative for x > 2.08.  

Nagai [19] calculated the Seebeck coefficient of semiconducting β-phase with a 

dispersion of metallic ε-phase by following equation; 

S = S(β)(1-f) + S(ε)f                                                      (4.1) 

where S is the total Seebeck coefficient, f is volume fraction of ε-phase and S(β) and 

S(ε) are Seebeck coefficient of β and ε-phases, respectively. At room temperature, 

S(β) = 250 μV/K and S(ε) = 2.6 μV/K [19].  

From Eq. (4.1), the f value can be calculated by substituting S(β) = 250 μV/K, S(ε) = 

2.6 μV/K and S as presented in table 4.4. The relation between f value and annealing 

time is shown in Fig. 4.16. These data are obtained from this work, Refs. [52] and 

[53]. For the as-grown samples, the f value is equal to 1.0 because the β-phase does 

not occur. The f value decreases with increasing annealing time. From table 4.5, if the 

Si content is higher than the stoichiometric composition of FeSi2, the Seebeck 
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coefficient will be larger than the Seebeck coefficient of β-phase (250 μV/K).  This 

may be due to the two-phase structure of β- matrix and Si dispersoids. The second 

phase dispersion in β-phase matrix is expected to increase scattering factor for carriers 

and phonons, which leads to higher Seebeck coefficient and lower thermal 

conductivity [13] especially below 330 ºC [29] . 

Table 4.4: Summary of Seebeck coefficient at room temperature of this work and 

other publication. 

Publication Composition Preparation Method Seebeck 

coefficient 

(μV/K) 

Yamauchi et al. 

[53] 

FeSi2 Melt and rapid solidification / 

Annealed at 890 ºC for 20 h. 

80 

 Ur. S.C.[52] FeSi2 - Hot-pressed / Annealed at 830 ºC 

for 48 h 

- Thermal-sprayed / Annealed at 845 

ºC for 200 h 

150 

 

20 

 Tani, J. and 

Kido, H. [54] 

FeSi2.2 

 

Melted in silica ampoules / Spark 

plasma sintering / Annealed at 840 ºC 

for 168 h 

- 470 

 

This work 

FeSi2.0 

FeSi2.3 

FeSi2.5 

Melted in alumina crucible / 

Annealed at 950 ºC for 12 h 

137 

150 

270 

 

Seebeck coefficient of our as-grown samples is relatively low (less than 10 μV/K) due 

to the metallic α- and ε-phases dominance. Fig. 4.17 shows the result of Seebeck 

coefficient measured at room temperature for annealed FeSi2.0 and FeSi2.3 samples at 

820 ºC for various time durations. It can be seen that the Seebeck coefficient increases 

with increasing annealing time but it is not significantly different for 3, 6 and 12 h 

annealing time at 820 ºC. This is because the peritectoid reaction occurring at this 

temperature takes very long time to complete whereby our annealing time are not long 

enough to obtain the  completed β-phase. 
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Figure 4.16: The volume fraction of ε-phase of annealed FeSi2.0 and FeSi2.3 samples. 

 

Figure 4.18 shows the result of Seebeck coefficient at room temperature for the 

annealed FeSi2.0, FeSi2.3 and  FeSi2.5 samples at 950 ºC for various time duration. 

Seebeck coefficient increases with increasing annealing time. Highest value Seebeck 

coefficient is around 270 µV/K for the annealed FeSi2.5 sample at 950 °C for 12 h.  
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Figure 4.17: Seebeck coefficient of FeSi2.0 and FeSi2.3 samples annealed at 820 ºC for 

different time. 
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Figure 4.18: Seebeck coefficient of FeSi2.0,  FeSi2.3 and FeSi2.5 samples annealed at 

950 ºC for different time. 

Error bar represents a standard deviation from ten readings for one sample and it can 

be seen that the standard deviation of thermoelectric power for FeSi2.0 and FeSi2.3 

samples are larger than that of FeSi2.5 sample. This would imply that non-

homogeneity in FeSi2.0 and FeSi2.3 samples is higher than that in FeSi2.5 sample. We 

can explain this by using a model presented by Yamauchi et al. [28] as shown in Fig. 

4.19, where the β and Si phases were produced by the eutectoid reaction (-

decomposition) and a ring of β-phase around the ε-phase was produced by the 

peritectoid reaction. This β ring between ε- and α-phases suppresses further 

peritectoid reaction. The endothermic peak at 830 °C of DTA curve was broadened 

due to sluggish process of peritectoid reaction. Therefore, thermoelectric power at any 

point on the surface of the samples is randomly different depending on the phase 

underneath the hot probe. On the other hand, as-grown FeSi2.5 sample consisted of α-

phase only and after annealing, that phase was transformed into - and Si- phases. 

Both are semiconducting phases and have thermoelectric power much larger than the 

metallic  phase. 
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                          (a)    As-grown sample                                (b) Anneal sample 

Figure 4.19: Schematic illustration of β-phase formation process [28]. 

 

4.6.2 Temperature Dependence of Seebeck Coefficient 

Figure 4.20 shows the temperature dependence of the Seebeck coefficient for FeSi2.0, 

FeSi2.3 and  FeSi2.5 samples over the temperature range of 30 – 700 °C. The Seebeck 

coefficient increases with increasing temperature and then decreases at high 

temperature. The marked decrease in the Seebeck coefficient at high temperature is 

due to the marked increase in the carrier concentration. The Seebeck coefficients of 

the FeSi2.5 samples are significantly higher than that of the FeSi2.0 and FeSi2.3 

samples. This result can be explained by two reasons, the existence of metallic ε-

phase in annealed FeSi2.0 and FeSi2.3 samples as presented in SEM images and the 

influence of excess Si on the carrier scattering. The Seebeck coefficient of the FeSi2.3 

sample is larger than FeSi2.0 sample. This is probably due to the amount of ε-phase in 

FeSi2.3 is less than FeSi2.0 as presented in XRD pattern. Furthermore, the small excess 

Si particle in FeSi2.3 promotes the value of Seebeck coefficient. At temperature below 

500 °C, the Seebeck coefficient of all samples are largely composition dependence. 

The difference in Seebeck coefficient of all samples decreases with increasing 

temperature. This result is consistent with the work of Tani et al. [54] and Zhao et al. 

[27]. The carriers scattering by excess Si is sensitive at below 450 °C [53]. At high 

temperature, number of carriers increase so the influence of excess Si becomes 

insensitive. Peaks in the Seebeck coefficient generally appear near or above 330 °C in 

FeSi2.0 depending on the processing method, such as in hot pressed [55], and in 

pressureless sintering [56]. In this work, the maximum Seebeck coefficient for FeSi2.0 
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is 150 μV/K at 500 °C. For FeSi2.3, the maximum Seebeck coefficient is 225 μV/K at 

400 °C. Finally, the maximum Seebeck coefficient is 300 μV/K at 350 °C for FeSi2.5.  
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Figure 4.20: Temperature dependence of Seebeck coefficient of FeSi2.0,  FeSi2.3 and 

FeSi2.5. 

 

4.7 Electrical Conductivity 

 

 

 

 

 

 

 

 

Figure 4.21: Temperature dependence of electrical conductivity of FeSi2.0,  FeSi2.3 

and FeSi2.5. 
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Figure 4.21 shows the temperature dependence of electrical conductivity for annealed 

samples over the temperature range 30 – 700 °C by the DC four-terminal method. The 

electrical conductivity of all samples produces the same characteristic curve below 

400 °C and then increases rapidly with increasing temperature. The values of 

electrical conductivity at high temperature are strongly dependent on composition of 

sample. The electrical conductivity of FeSi2.0 is higher than FeSi2.3 and the electrical 

conductivity of FeSi2.3 is higher than FeSi2.5. These can be explained by the influence 

of metallic ε-phase as present in the FeSi2.0 and FeSi2.3 samples. 

From Eq. (2.26), the log σ - 
T

1000
  is plotted for all samples as shown in Fig. 4.22.  

The results are fitted at high temperature region by 

)exp()( 0
Tk

E
T

B

g
   

where σ0 is pre-exponential factor, kB is Boltzmann constant =  510617.8   eV/ K 

and Eg is energy gap. 
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Figure 4.22:  log σ versus 1000/T for temperature dependent conductivity. 
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Figure 4.23:  The calculation of energy gap from slope at high temperature of log σ - 

T

1000
 plots of (a) FeSi2.0, (b) FeSi2.3 and (c) FeSi2.5.
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The energy gap can be calculated by slope at high temperature of log σ - 
T

1000
 plots 

as shown in Fig. 4.23. At high temperature region, σ - 
T

1000
 plots correspond to an 

intrinsic conduction region. In our measurement, the temperature ranges from 300 to 

973 K and we estimate that the mobility, which is inversely proportional to T
-3/2

, will 

decrease by 17.5%. Therefore, we would take 
2

%5.17
 = 8.56% as the uncertainty in 

mobility. The uncertainty will be incooperated into the energy gap calculation as well. 

The energy gap of FeSi2.0, FeSi2.3 and FeSi2.5 are calculated to be 0.59 eV, 0.61 eV 

and 0.69 eV, respectively. It has been reported that the energy gap of β-FeSi2 bulk 

crystal estimated to be 0.85 eV [29] and 0.82 – 0.88 eV [58]. In this work, the energy 

gap of all samples is smaller than the publications of Kakemoto. et al.[29] and Kuei et 

al.[58] This is probably due to existence of metallic ε-phase in FeSi2.0 and FeSi2.3 

samples which reduces the energy gap. FeSi2.0  has the highest ε-phase and therefore 

the lowest energy gap. 

 

4.8 Thermal Conductivity 

Figure 4.24 shows the temperature dependence of the thermal conductivity, Ktotal, of 

all samples annealed at 950 °C for 12 h. A plot of Ktotal versus temperature of all 

samples has a U-shape with minimum value around 300 °C.  At every temperature, 

the Ktotal decrease with Si content of FeSix. As described above, the excess Si 

dispersed in β-matrix is effective for a decrease in the Ktotal. The temperature 

corresponds to the minimum Ktotal decreases with increasing Si content. This is 

consistent with Seebeck coefficient result, the influence of excess Si particles is much 

stronger at lower temperature than at higher temperature. 

The electronic contribution to the thermal conductivity, Kel,  has been calculated using 

Wiedemann-Franz law; Kel = LσT, where L is Lorenz number, σ is electrical 

conductivity and T is the absolute temperature. The lattice contribution, Kph, is 

obtained by subtracting Kel from Ktotal. The temperature dependence of Kel and Kph for 

all samples are shown in Fig. 4.25. 
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Figure 4.24: Temperature dependence of the thermal conductivity of FeSi2.0,  FeSi2.3 

and FeSi2.5.
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Figure 4.25: Temperature dependence of Kel and Kph of FeSi2.0,  FeSi2.3 and FeSi2.5. 
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The influence of electronic contribution on thermal conductivity is rather small in 

comparison with the lattice contribution and Kel is almost independent of the amount 

of Si at temperature lower than 500 °C. However, Kel increases at high temperature 

due to the increase in the electronic carrier.  

Waldecker, et al [59] reported that the Debye temperature of β-FeSi2 was 370 °C. 

From classical kinetic theory of gases, 3TK ph  at the temperature lower than Debye 

temperature. The results in Fig.4.24 contrast the theoretical prediction, indicating the 

strong lattice vibration scattering. In higher temperature range, the thermal 

conductivity of all samples increases with increasing temperature because of the 

increase in both charge carriers and phonon concentration. For FeSi2.0, the Kph 

decreases at temperature higher than 600 °C. This is probably due to phonon- charge 

carriers scattering. 

 

4.9 Figure of Merit 

The calculated dimensionless figure of merit, ZT, form Seebeck coefficient, electrical 

conductivity and thermal conductivity are shown in Fig.4.26. This work uses a B-

spline to interpolate the eight points of Seebeck coefficient, electrical conductivity 

and thermal conductivity. The ZT value is calculated at 30 °C, 100 °C, 200 °C, 300°C, 

400°C, 500 °C, 600 °C and 700 °C. The ZT of all samples increases with increasing 

temperature. It is surprising that the highest value of ZT = 0.48 at 700 °C is obtained 

from FeSi2.3 sample. For FeSi2.0 and FeSi2.5 samples, the highest values of ZT are 0.44 

and 0.20 at 700 °C, respectively.  In the case of FeSi2.5 sample, although it shows 

maximum Seebeck coefficient, the thermal conductivity is minimum due to existence 

of excess Si. The FeSi2.5 sample shows very low electrical conductivity compared 

with FeSi2.0 and FeSi2.3 samples. From this result, the ZT of FeSi2.5 sample is smaller 

than other samples. In this work, the results indicate that the small metallic ε-phase 

and excess Si in FeSi2.3 sample markedly increase the ZT. 
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Figure 4.26: Temperature dependence of dimensionless figure of merit of FeSi2.0,  

FeSi2.3 and FeSi2.5 samples. 

 

 

 

 

 



CHAPTER V 

CONCLUSION 

Bulk Fe-Si compounds were synthesized by a simple thermal method. There were 

three compositions to be studied, FeSi2.0, FeSi2.3 and FeSi2.5. A mixture of Fe and Si 

powder was melted at 1550 °C for 1 h in an inert gas. All samples were annealed at 

820 °C or 950 °C for 3, 6 and 12 h. The structural and the thermoelectric properties of 

all samples were investigated. The results obtained in this study were as follows. 

1. From XRD patterns and SEM images, the as-grown FeSi2.0 and FeSi2.3 samples 

composed of ε- and α-phases while as-grown FeSi2.5 purely composed of α-phase. The 

amount and size of ε-phase seem to be independent of melting temperature but it 

decreased with increasing Si content. 

2. From standard deviation of Seebeck coefficient at room temperature measured by a 

hot-probe technique, we could imply that non-homogenity in FeSi2.0 and FeSi2.3 

samples was higher than that in FeSi2.5 sample. 

3. DTA curves for FeSi2.0 and FeSi2.3 showed two endothermic peaks in the 

temperature range 960 - 1010 °C and one exothermic peak around 830 °C 

corresponded to peritectoid and eutectoid reaction, reversed peritectoid reaction and 

peritectoid reaction, respectively. DTA curves for FeSi2.5 showed only endothermic 

peaks at 960 °C corresponded to eutectoid reaction. 

4. After subsequent annealing at 820 °C and 950 °C in FeSi2.0 and FeSi2.3 samples and 

annealing at 950 °C in FeSi2.5 sample for 3, 6 and 12 h, the XRD patterns and SEM 

images showed β-phase formation with some residual ε-phase in FeSi2.0  and FeSi2.3  

samples and some excess Si in FeSi2.3 and FeSi2.5 samples. 

5. All samples were p-type with positive Seebeck coefficient and it tended to increase 

with increasing annealing time. The maximum Seebeck coefficient was 320 μV/K at 

400 °C for FeSi2.5, annealed at 950 °C for 12 h. 

6. The minimum thermal conductivity was 2.75 W.m
-1

.K
-1

 at 200 °C for FeSi2.5 

annealed at 950 °C for 12 h. The influence of electronic contribution on thermal 
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conductivity is small in comparison with the lattice contribution and Kel is almost 

independent of the amount of Si at temperature lower than 500 °C. 

7. The temperature-dependent electrical conductivity measurement (30 °C < T < 700 

°C) exhibited semiconducting features with its conductivity increased with increasing 

temperature. The maximum electrical conductivity of 80 Ω
-1

.m
-1

 at 700 °C for FeSi2.0 

annealed at 950 °C for 12 h. Using log σ-1/T plot, the value of energy band gap were 

0.59 eV, 0.61 eV and 0.69 eV for  FeSi2.0, FeSi2.3 and FeSi2.5 respectively.   

8. The dispersion of excess Si markedly increased the Seebeck coefficient and 

decreased the thermal conductivity of both FeSi2.3 and FeSi2.5 samples especially at 

low temperature while the present of metallic ε-phase markedly increased the 

electrical conductivity of both FeSi2.0 and FeSi2.3 samples. 

9. The FeSi2.3 sample annealed at 950 °C for 12 h showed the highest dimensionless 

figure of merit of 0.48 at 700 °C. 

Although the dimensionless figure of merit of FeSi2.3 is the highest but the present of 

ε-phase which causes electrical short circuit in producing thermoelectric cell and 

sometimes it takes more than 4 days for complete β-phase formation. These are the 

most important problems for the commercial use of this material. Furthermore, the 

one objective of this work is synthesizing homogeneous FeSi2 by short processing 

time and inexpensive process. So the FeSi2.5 is the most suitable composition. In order 

to improve the dimensionless figure of merit of FeSi2.5, the electrical conductivity 

should be improved by doping the FeSi2.5 with Co to n-type or doping with Mn to p-

type.  
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