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Fig. 1.3 Schematic diagram of Thomson effect mechanism in a conductor [10]. 

 

 

These three thermoelectric effects contribute together to form the base of the 

thermoelectric phenomenon and lead to the utilization of thermoelectric phenomenon 

to achieve the conversion from heat energy to electric power. 

 

1.2. Seebeck Effect Mechanism 

 

Figure 1.4 shows the Seebeck effect mechanism of thermoelectric conversion occurs 

in n-type semiconductor, described by band theory. At first, the electrons at the donor 
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level absorb the energy from the temperature difference to become excited state, and 

then go into the conduction band. The excited electrons are forced to become stable on 

the conduction band, so they diffuse on the conduction band from high-temperature 

side to low-temperature side. Hence, the high-temperature side loses electrons and 

possesses positive charge. On the contrary, low-temperature side gains electrons and 

possesses negative charge. Thus, the electromotive force is generated in the material, 

leading that the high-temperature side becomes positive electrode, and the low-

temperature side becomes negative one. Besides, the direction of the electromotive 

force is from low-temperature side to high-temperature side, while the direction of 

current is from high-temperature side to low-temperature side. Thus, the value of 

electromotive force is negative. Since the temperature difference is constantly positive, 

the value of Seebeck coefficient in n-type semiconductor is negative. In addition, this 

mechanism proves that the electrons are the majority charge carrier in n-type 

semiconductor.  

 

 

 

Fig. 1.4 Thermoelectric conversion mechanism of Seebeck effect in n-type 

semiconductor. 
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Figure 1.5 demonstrates the Seebeck effect mechanism of thermoelectric conversion 

occurs in p-type semiconductor. At the beginning, the electrons existing in the valence 

band absorb the energy from the temperature difference to become excited state, and 

then go into the acceptor level. When the electrons leave the valence band the holes 

still left in the valence band. The holes possessing positive charge are forced to become 

stable in the valence band, so they diffuse on the valence band from high-temperature 

side to low-temperature side. Hence, the high-temperature side gains electrons and 

possesses negative charge. On the contrary, low-temperature side obtains holes and 

possesses positive charge. Thus, the electromotive force is generated in the material, 

resulting that the high-temperature side becomes negative electrode, and the low-

temperature side becomes positive one. Besides, the direction of the electromotive 

force is from low-temperature side to high-temperature side, which is the same as the 

direction of current. Thus, the value of electromotive force is positive, resulting that 

the value of Seebeck coefficient in p-type semiconductor is positive. In addition, this 

mechanism definitely proves that the holes are the majority charge carrier in p-type 

semiconductor. 
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to be oxidized, the weighing of pure Ba was operated in a glove box filled with Ar. 

Generally, the pure Ba was weighed approximately 4 g, nearly 2 pieces of pure Ba. 

The weighing of the pure Cu and Si was depended on the weight of pure Ba. The 

weighed starting materials were then placed in the chamber of arc-melting filled with 

Ar gas for alloying. After alloying, the alloyed ingot was pulverized into powder and 

placed in the graphite die sealed with two graphite punch. Then, the graphite die and 

the powder samples were placed into the SPS chamber for sintering. 

Different from the traditional method, the CZ method is used after arc-melting 

alloying. The alloyed ingot was broken into large pieces, placed in an alumina crucible. 

Then, the alumina crucible was placed into the CZ chamber surrounded by several 

thermocouples. The molten samples were pulled by the shaft and crystallized on the 

seed crystal.  

The samples obtained from CZ method or SPS method were cut into a size of 5 × 5 

× 1.5 mm3. The crystal structure and lattice constant of each sample were examined 

by powder XRD. The chemical composition and microstructure observation of the 

samples were detected by the EPMA analysis after polishing. The crystal orientations 

were observed by EBSD after polishing. 

At last, the carrier concentration was measured by Hall measurement method. The 

Seebeck coefficient and the electrical resistivity were measured respectively in a 

desiccator in vacuum by rotary pump. The values of the Seebeck coefficient and the 

electrical resistivity were then used to calculate the power factor value by the equation 

1.9. 
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2.1. Arc-melting 

  

Arc-melting process is used for heating and melting metals, typically for metallic 

alloy formation. The weighed starting materials were placed in a crucible in the copper 

hearth as the Fig. 2.1 shows. The copper hearth is the bottom part of the arc-melting 

chamber. The copper hearth obtains five crucibles for samples, pointing that five 

samples can be alloyed by arc-melting at the same time. The copper hearth was then 

sealed in a chamber. Both rotary pump and turbo pump were used to reduce the 

pressure in the chamber for vacuum. The quality of vacuum is around 6.0×10-4 Pa, 

required nearly 1 hour for the turbo molecular pump to reach this quality. The chamber 

was then filled with Ar gas before alloying, avoiding from the oxidation in melting.  

 

 

 
Fig. 2.1 Schematic diagram of the Cu hearth in arc-melting chamber. 
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pump. The quality of vacuum can be nearly 10-1 Pa evacuated by the rotary pump. A 

stronger pump, diffusion pump, was then used after the rotary pump to reach a quality 

of vacuum around 2.0×10-2 Pa. The pulling speed in this research was 5 mm/h and the 

rotation speed was 30 r/min. With the slightly decreasing temperature of the crucible, 

the solidification of the sample gradually developed on the surface of the seed crystal, 

and finally resulting in the growth of both diameter and tall of the single crystal ingot 

because of rotating and pulling upwards. This CZ method can lower the electrical 

resistivity of the clathrate material by reducing the formation of voids and grain 

boundaries. 

 

 

 

Fig. 2.2 Schematic diagram of CZ method. 
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The schematic diagram of the electrical resistivity measurement facility is shown in 

Fig. 2.5. In this research, two electrodes are put on the surface of the specimen material 

with a vertical pressure for stableness of the specimen. The length (l) of the specimen 

is the distance between the two electrodes, which is set as 2 mm. The two electrodes 

are connected with a data recorder which can record the voltage (V) between the 

electrodes. The specimen is heated from room temperature to 550 °C. The whole 

apparatus and the specimen are placed in a desiccator in vacuum, evacuated by rotary 

pump. 
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Fig. 2.5 Schematic diagram of the electrical resistivity measurement apparatus. 
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2.9. Hall Measurement 

 

Hall measurement is a method of measuring the number of charge carrier 

concentration based on the Hall effect. The Hall effect is to produce a voltage 

difference (the Hall voltage, VH) across an electrical conductor which is transverse to 

the current in the conductor with a magnetic field perpendicular to the current. This 

effect was first discovered by Edwin Hall in 1879 [18]. The schematic diagram of the 

Hall Effect in n-type semiconductor is shown in Fig. 2.6. When an external magnetic 

field is added perpendicular to the current on the specimen, the paths of charge carriers 

become curved by a force called Lorentz force, resulting the accumulation of the 

charge carriers on one face of the material. Hence, the charge carriers are equal and 

opposite charges exposed on the opposite face, where there is a lack of mobile charge 

carriers.  
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Fig. 2.6 Schematic diagram of the Hall Effect in n-type semiconductor. 

 

 

The Hall effect can be described by an equation given as 

 

           n = I B |VH|/e                                            (2.2) 

 

where I is the current passing through the specimen, B is the magnetic field added 

perpendicular to the current on the specimen, VH is the Hall voltage, and e is the charge 

of charge carrier. Once the VH is determined, the carrier concentration can be 

calculated via equation 2.2. 
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Fig. 3.1 Obtained CZ ingot and the numbering of the CZ samples in CZ method. 

 

 

Table 3.1 Actual chemical composition of CZ samples by WDX 

Sample No. Actual chemical composition 

CZ No. 1 Ba7.65Cu5.03Si40.97 

CZ No. 2 Ba7.63Cu4.99Si41.01 

CZ No. 3 Ba7.70Cu5.13Si40.87 

CZ No. 4 Ba7.69Cu4.64Si41.36 

CZ No. 5 Ba7.66Cu4.62Si41.38 

CZ No. 6 Ba7.66Cu4.57Si41.43 
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3.3.2 Synthesis of SPS samples 

 

Figure 3.2 illustrates the ingot obtained after the SPS method. The synthesized SPS 

cylindric ingot has a 20 mm diameter and around 8 mm height. The obtained ingots 

were then cut into a size of 5 × 5 × 1.5 mm3 by diamond wheel cutter, named from 

SPS 4.1 to SPS 4.6 sample. Table 3.2 shows the average actual chemical composition 

of the SPS samples detected by WDX with the sample names derived from the nominal 

molar ratios of Ba:Cu:Si. As is shown in Table 3.2, there are several candidates of the 

CZ samples and SPS samples. However, the electrical resistivity values of both CZ 

samples and SPS samples can be compared when their actual x value and Seebeck 

coefficient are similar. 

 

 

 

Fig. 3.2 Schematic diagram of obtained SPS ingot after SPS method. 
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Fig. 3.3 BSE images of CZ No.1 (a), CZ No.2 (b) and CZ No.3 (c) sample. 
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Fig. 3.3 BSE images of CZ No.4 (d), CZ No.5 (e) and CZ No.6 (f) sample. 
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Fig. 3.4 BSE images of SPS 4.1 (a), SPS 4.2 (b) and SPS 4.3 (c) sample. 
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Fig. 3.4 BSE images of SPS 4.4 (d), SPS 4.5 (e) and SPS 4.6 (f) sample. 
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Fig. 3.6 The EBSD result of CZ No. 4 sample. 

 

 

3.3.4 Seebeck Coefficient (S) and Carrier Concentration (n) of CZ samples and 

SPS samples 

 

The Seebeck coefficient values (S) of the CZ samples (a) and SPS samples (b) were 

shown in Fig. 3.7, whose x-axis is the average temperature of both sides of the 

specimens. All the values of the S are negative, pointing that all the samples are n-type 

semiconductor. In Figure 3.7 (a), the increase of the actual x value in CZ samples leads 
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Fig. 3.7 Seebeck coefficient of CZ samples (a) and SPS samples (b). 
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Fig. 3.8 Electrical resistivity of CZ samples (a) and SPS samples (b). 
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4.3. Results and Discussion 

 

4.3.1 Synthesis of CZ samples 

 

Figure 4.1 shows a photograph of the sample 8:7:39 ingot obtained after the CZ 

method. The average chemical compositions of the five synthesized CZ samples 

detected by WDX are listed in Table 4.1 with the nominal molar ratios of Ba:Cu:Si. 

As is shown in Table 4.1, the Cu content in the actual chemical composition increases 

with the Cu content in the nominal chemical composition. Thus, the control of the 

actual composition of the single crystalline clathrate material can be achieved by the 

change of nominal composition. Since the actual chemical composition of 8:4:42 and 

8:5:41 are very similar, 8:5:41 was not evaluated except for WDX. Hereafter, the 

samples would be denoted with the actual chemical compositions shown in Table 4.1. 
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Fig. 4.1 The photograph of CZ ingot of 8:7:39 molar ratio after CZ method with the 

Si seed crystal. 

 

 

Table 4.1 Actual chemical composition of CZ samples by WDX 

Nominal molar ratio, Ba:Cu:Si Actual chemical composition 

8:3:43 Ba8.05Cu3.98Si42.02 

8:4:42 Ba7.64Cu4.22Si41.78 

8:5:41 Ba7.78Cu4.25Si41.75 

8:7:39 Ba7.93Cu4.46Si41.54 

8:9:37 Ba7.89Cu4.66Si41.34 

8:13:33 Ba7.77Cu4.92Si41.08 
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Fig. 4.2 BSE images of Ba8.05Cu3.98Si42.02 (a), Ba7.64Cu4.22Si41.78 (b), Ba7.93Cu4.46Si41.54 

(c), Ba7.89Cu4.66Si41.34 (d), and Ba7.77Cu4.92Si41.08 (e). 
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Fig. 4.3 The powder XRD patterns of the five synthesized CZ samples and the 

simulated pattern of the Ba8Cu6Si40 clathrate. 
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200 °C and 500 °C lines. Both the 100 °C line and 200 °C line rise before x = 4.2, 

meaning the reduction of absolute value of S. Thus, x < 4.2 might not be effective for 

S improvement. In addition, the S values in low x value region, especially x < 4.2, show 

a small change with the increase of temperature. On the other hand, in high x value 

region, from 4.4 to 5.0, the change of S values is remarkable with the increase of 

temperature. Thus, the improvement of S is effective when x value locates from 4.4 to 

5.0.  

 

 

Fig. 4.6 The relationship between Seebeck coefficient and x value among CZ samples 

at 100 °C, 200 °C and 500 °C. 


























