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The depletion of energy resources and the environmental pollution 

have become a global issue. And the world’s demand for new, eco-

friendly, and renewable energy resources has been increasing. 

Thermoelectric (TE) material, which can reversibly convert thermal 

energy into electrical energy, has been considered as a way to solve 

the energy crises and environmental problems. The efficiency of TE 

material is represented by the dimensionless figure of merit ZT = 
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S2σT/k, where S, σ, k, and T are Seebeck coefficient, electrical 

conductivity, thermal conductivity and absolute temperature, 

respectively. In order to achieve high ZT values, TE materials should 

possess high electrical conductivity, large Seebeck coefficient, and 

low thermal conductivity simultaneously. However, these TE 

parameters have complex interrelationships, which makes it difficult 

to optimize ZT. For example, the increase of carrier concentration 

can lead to the increase in electrical conductivity (σ), but can lead 

to the decrease in Seebeck coefficient (S). And it is difficult to 

suppress only the thermal conductivity without affecting the 

electrical conductivity. In order to obtain a high TE efficiency, the 

charge carrier concentration should be optimized, and in general, it is 

known that high TE efficiency can be obtained when the carrier 

concentration lies in the range of 1019 to 1020 cm-3.  

In recent years, tin selenide (SnSe) which contains non-toxic and 

earth-abundant elements has been considered as a promising TE 

material since a remarkable ZT value of ~2.6 at 923 K (the world 

record to date) along the b-axis in its single crystal form were 

reported in 2014.  

It, however, is still difficult to use single crystal TE materials in 

devices because of poor mechanical properties and high production 

costs. For these reasons, the research on SnSe has focused on 
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developing high performance polycrystalline SnSe. The low ZT 

values of polycrystalline SnSe which is lower than that of single 

crystal SnSe originate mainly from its poor electrical conductivity and 

high thermal conductivity. Therefore, in order to achieve 

polycrystalline SnSe having high TE efficiency, the electrical 

conductivity should be enhanced and thermal conductivity should be 

suppressed.  

In this study, the effects of microstructure and electronic structure 

on the TE properties of polycrystalline SnSe were investigated, and 

the TE efficiency was improved by increasing the electrical 

conductivity and reducing the thermal conductivity by controlling the 

microstructure, band structure, and interfacial structure. 

First, to improve the electrical conductivity of polycrystalline SnSe, 

the effects of the pressure applied during spark plasma sintering 

(SPS) on the microstructure and the TE properties of the 

polycrystalline SnSe were investigated. Polycrystalline SnSe powder 

were synthesized by mechanical alloying, and then specimens having 

different degrees of texturing were fabricated by SPS under various 

pressure conditions (30, 60, 90, 120MPa). As the sintering pressure 

was increased from 30 to 120 MPa, the hole carrier mobility was 

increased by the enhancement of degree of texture, which resulted 

in the improvement of the electrical conductivity. On the other hand, 
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the increase in sintering pressure led to a significant increase in 

thermal conductivity due to the increase of lattice thermal 

conductivity, which can be attributed to the reduction of the phonon 

scattering at grain boundaries. A ZT of ~0.7 was obtained at 823K 

from the polycrystalline SnSe sintered with a pressure of 60 MPa, 

which can result from large increase in electrical conductivity with 

relatively small increase of the thermal conductivity. This study 

shows that the TE properties of the polycrystalline SnSe can be 

improved by controlling the degree of texture by changing the 

pressure applied during SPS. 

Second, the electrical transport and TE properties of SnSe-SnTe 

solid solution were investigated. SnSe1-xTex (x = 0, 0.1, 0.3, 0.5, 0.8, 

1) bulk specimens were prepared by mechanical alloying and SPS. 

The solubility limit of Te in SnSe1-xTex was found to lie somewhere 

between x = 0.3 and 0.5. With increasing Te content, the electrical 

conductivity was increased due to the increase of hole carrier 

concentration. The measurements and calculations of band gap using 

UV-VIS-NIR spectrum and DFT, respectively, showed that the band 

gap was decreased as the amount of Te was increased, which can 

lead to the increase of carrier concentration. The total thermal 

conductivity was decreased with increasing Te content, which can be 

attributed to the reduction of lattice thermal conductivity. Te has 
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atomic mass and size larger than Se, and the presence of Te at Se 

site can act as an effective point defect, increasing phonon scattering 

and thus reducing lattice thermal conductivity. A ZT of ~ 0.78 was 

obtained at 823K from SnSe0.7Te0.3, which is ~ 11 % improvement 

compared to that of SnSe.  

Third, the effects of CNT addition on the charge transfer and TE 

properties of SnSe0.7Te0.3/CNT composites were investigated. 

Various amounts of CNT (0, 0.3, 0.6 and 1 wt %) were added to 

SnSe0.7Te0.3, which were sintered using SPS. Most CNTs are 

dispersed along the grain boundaries of SnSe0.7Te0.3 and are 

connected to each other when the amount of CNT reaches 0.6 wt %, 

thereby forming new interfaces, which can result in the decrease in 

hole carrier mobility. With increasing CNT contents, the electrical 

conductivity was increased, which can be attributed to the higher 

intrinsic hole concentration of CNTs compared to SnSe0.7Te0.3. When 

0.3 wt % CNT was added, the lattice thermal conductivity was 

decreased by phonon scattering at interface, which results in the 

decrease of total thermal conductivity. However, when 0.6 and 1 wt % 

CNT was added, the total thermal conductivity was increased due to 

the high intrinsic lattice thermal conductivity of CNT. A ZT of ~ 0.86 

at 823K was obtained from SnSe0.7Te0.3 with 0.3 wt % CNT, which 

is the highest ZT value obtained in this study. 
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These results provide an understanding of the effects of 

microstructures and electronic structures on the TE properties of 

polycrystalline SnSe, and can be used to control the TE properties of 

polycrystalline SnSe which can be used in practical TE devices.  

Keywords: SnSe, Spark plasma sintering, Thermoelectric properties, 

Microstructure, Band structure, Texturing, Solid solution, Composite 
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CHAPTER 1. General Introduction 

The pollution of fossil fuels and other traditional energy sources 

has always been global issues. As increasing the depletion of fossil 

energy sources, the demand for new, clean and sustainable energy is 

even more urgent [1]. Thermoelectric (TE) technology, which can 

convert waste heat into electricity directly, has been attracting 

attention as one of the alternative solutions because it is clean and 

environmentally safe. to solve energy problem [2-4]. The efficiency 

of a TE material is represented by the dimensionless figure of merit 

ZT = S2σT/k, where S, σ, k, and T are Seebeck coefficient, 

electrical conductivity, absolute temperature, and thermal 

conductivity, respectively [4]. In order to achieve high ZT values, 

TE materials should possess the high electrical conductivity, the 

large Seebeck coefficient, and low thermal conductivity 

simultaneously. [2, 5]. Large ZT values can be obtained by high 

power factor (PF = S2σ) and low thermal conductivity. However, 

these TE parameters have complex interrelationships, which makes 

it difficult to optimize ZT [6]. For example, the higher carrier 

concentration leads to larger electrical conductivity (σ), but is 

negative to the Seebeck coefficient (S). And it is also difficult to 

solely suppress thermal conductivity without deteriorating the 

electrical conductivity. Therefore, the optimization of the carrier 
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concentration is needed to improve the efficiency of a TE material 

for practical application. And the effort to find TE materials which 

have performance high enough to be used in devices, which consist 

of earth-abundant and non-toxic elements, is continuing today.  

Over the past several decades, various TE materials such as 

Bi2Te3- , PbTe- and ZnSb-based compounds, skutterudites, and 

half-Heusler compounds have been integrated into TE device 

because of their high efficiency compared to most other 

thermoelectric materials [7-12]. However, these materials have 

limited applications owing to their high cost and toxicity. Therefore, 

many studies on alternative thermoelectric materials with high 

efficiency, low cost, and environmentally friendly characteristics 

have been reported. In recent years, tin selenide (SnSe) which 

contains non-toxic and earth-abundant elements has been 

considered as a promising TE material since Zhao et al. [13] reported 

a remarkable ZT value of ~2.6 at 923K (the world record to date) 

along the b-axis in its single crystal form. It, however, is still difficult 

to use single crystal TE materials in devices because of poor 

mechanical properties and high production cost [14]. For these 

reasons, the researches on SnSe have focused on developing high 

performance polycrystalline SnSe. The main limitation of undoped 

polycrystalline SnSe for TE applications originates from its lower 
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electrical and higher thermal conductivity than that of sing crystal 

SnSe [6]. Therefore, it is still a challenge to improve TE performance 

of polycrystalline SnSe. Many approaches to obtain polycrystalline 

SnSe which has TE performance similar to that of single crystal 

through texturing [15-18], doping [19-26], and nanoinclusion [27-

32] have been reported. Polycrystalline SnSe has anisotropy 

structure, and its electrical/thermal properties are properties 

strongly depend on the crystal orientation. Previous reports [15, 19, 

33, 34]. Showed that when texturing was applied, the anisotropy 

became stronger, which results in a better thermoelectric 

performance measured along the direction perpendicular to the 

pressure (⊥) than that measured along the direction parallel (//) to 

the pressure. However, the effect of texture on the TE properties of 

SnSe (which also has anisotropic TE properties) with all parameters 

other than the degree of texture kept constant, has not been reported.  

In chapter 5. the degree of texture of polycrystalline SnSe was 

controlled by the pressure applied during spark plasma sintering 

(SPS), and the effects of sintering pressure on electrical transport 

and TE properties of the polycrystalline SnSe were investigated. 

With increasing sintering pressure, the degree of texture along the 

direction perpendicular to the pressure applied during the SPS were 

improved, which led to the increase in carrier mobility, which resulted 
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in the increase of the electrical conductivity. The When the pressure 

was increased, the total thermal conductivity was significantly 

increased by the increase of the lattice thermal conductivity which 

resulted from the decrease of the phonon scattering at the grain 

boundary. Increase in pressure led to a significant increase in thermal 

conductivity due to increase of the lattice thermal conductivity, which 

can be attributed to the decrease of the phonon scattering at the grain 

boundary. A ZT of ~0.7 was obtained at 823K from the 

polycrystalline SnSe, which was sintered with a pressure of 60MPa, 

which can be attributed to large increase in electrical conductivity 

with very small increase of the thermal conductivity 

The electrical conductivity of SnSe can be significantly improved 

by doping with various doping is a useful method to control carrier 

concentration. Many dopants including Li [32], Na [32, 35, 36], K 

[37], Ca [14] Sr [14], Ba [14], Cu [14, 23], Ag [20, 38], Zn [14, 

39], Al [23], In [21], Tl [40], Ge [41], Pb [23, 42], Te [43-45] and 

Sm [25] are used to improve the TE performance of polycrystalline 

SnSe. The TE performances of polycrystalline SnSe which was 

improved by doping, however, are still low compared to that of single 

crystal SnSe. One potential way to optimize the TE performance of 

polycrystalline SnSe is by making a solid solution which has been 

used in other TE materials such as Bi2-xSbxTe3, Mg2Si1-xSn, and 
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PbTe1-xSex [46-48]. In solid solution system, electrical conductivity 

can be enhanced by optimizing carrier concentration through bandgap 

engineering while thermal conductivity can be suppressed by 

enhancing phonon scattering by atomic disorder and mass difference.  

In chapter 6, the electrical transport and TE property of SnSe-

SnTe solid solutions. Mechanical alloying (MA) and SPS were used 

to fabricate SnSe-SnTe sintered samples, respectively. hole carrier 

concentration is increased with increasing Te contents, led to the 

enhancement of electrical conductivity and reduction of Seebeck 

coefficient. The increase in hole carrier concentration is caused by a 

decrease in the band gap as Te replaces the Se site, which was 

confirmed by measuring the band gap energy and DFT calculating the 

band structure. Te has atomic mass and size larger than Se, and the 

presence of Te at Se site can act as an effective point defect, 

increasing phonon scattering and thus reducing lattice thermal 

conductivity. As a result, the ZT value of 0.78 at 823K was obtained 

in in SnSe0.7Te0.3, which is 11% higher than that of the SnSe. 

TE properties of SnSe0.7Te0.3 can be more improved by making 

composites with secondary phases. Carbon nanotube (CNT) has been 

considered as a good candidate for embedding in TE matrix due to its 

dimensional structure and high electrical conductivity. The 

improvement of TE property has been reported in TE materials such 
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as Bi2Te3 [49], oxide-based [50] and organic TE materials [51] in 

which CNT is added as a secondary phase. We expected that when 

CNTs are well dispersed at the grain boundaries between 

SnSe0.7Te0.3, the electrical conductivity can be enhanced by formation 

of the electrical network of CNTs while the thermal conductivity can 

be suppressed by enhanced phonon scattering at CNT/matrix 

interfaces.  

Finally, in chapter 6, Various amounts of CNT (0, 0.3, 0.6 and 1 

wt %) were added to SnSe0.7Te0.3, which were sintered using SPS, 

and the effects of CNT addition on the charge transfer and TE 

properties of SnSe0.7Te0.3/CNT composites were investigated. CNTs 

are homogeneously distributed along the grain boundaries of 

SnSe0.7Te0.3. As the amount of CNTs increased, they formed 

networks, which led to the decrease in hole mobility, which resulted 

in reduction of hole mobility. Despite the decrease in mobility, high 

intrinsic hole concentration of CNT itself caused an increase in 

electrical conductivity and a decrease in Seebeck coefficient. when 

0.3 wt% CNT was added, thermal conductivity decreased by interface 

phonon scattering, but when more CNT was added, the thermal 

conductivity increased again due to the high thermal conductivity of 

CNT itself. A ZT of ~ 0.86 at 823K was obtained from SnSe0.7Te0.3 

with 0.3 wt% CNT.  
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CHAPTER 2. General Background 

2.1 Thermoelectricity and Thermoelectric Effects 

Due to the depletion of the fossil fuels and its environmental 

pollution, the demand for alternative and renewable energy has 

become a world issues. Figure 2-1 shows the energy use in the US 

in 2018, conducted by the Lawrence Livermore National Laboratory 

[1]. As shown in Figure 2-1, The energy efficiency used in US is 

only about 32.7%, and more than 60% of the energy is lost to heat. 

Therefore, in order to increase energy efficiency, it is important to 

recovery the waste heat, and Thermoelectricity technology can make 

it possible. Thermoelectricity includes the collective effects that 

involve the conversion of a temperature difference to electric voltage 

and vice versa [2] and it can be used for both power generation and 

electronic refrigeration. The use of thermoelectric (TE) device has 

many advantages, such as such as simple structure, no moving part, 

high durability, high precision, and compactness, as well as being an 

excellent way of collecting wasted heat energy, and also the 

possibility of use in a clean cogeneration process. [3]. TE effects are 

subdivided into the Seebeck, Peltier, and Thomson effects [4, 5]. In 

1821, the Thomas Johann Seebeck first discovered the TE effects 

[6]. He observed that when temperature difference is applied 
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between the ends of two dissimilar semiconductors, which are 

connected electrically in series but thermally in parallel, the electrons 

are moved to the lower energy region and holes are moved to the 

other region, which generate the electrical voltage, which is 

proportional to the temperature differences [3], as shown in figure 

2-2. The Seebeck efficiency is characterized by the Seebeck 

coefficient S, which is defined by the ratio of the electric voltage and 

temperature differences. 

𝑆 =  
∆𝑉

∆𝑇
                         (2.1) 

                            

where S, ∆𝑉, and ∆𝑇 are the Seebeck coefficient, voltage gradient, 

and temperature gradient, respectively. The sign of the Seebeck 

coefficient is determined by the type of majority charge carriers 

(positive for a p-type material and negative for an n-type material) 

[7]. 

The Peltier effect, which is the opposite effect to the Seebeck, was 

discovered by Jean Charles Athanase Peltier in 1834. He observed 

that when a direct current I (A) flows in the circuit composed of two 

dissimilar materials it causes the junction to cool or heat as a function 

of the current direction [8], as shown in figure 2-3. The Peltier 

effect is defined as the ratio of the rate of heating or cooling to the 
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electrical current passing through the junction and expressed as Eq. 

2.2 

𝜋 =  
𝑄

𝐼
                         (2.2) 

 

where π, Q, and I are the Peltier coefficient, heat released or 

absorbed per unit time at the junction, and applied current, 

respectively [9].  

The last of TE effects, the Thomson effect was discovered by 

William Thomson (Lord Kelvin) in 1854, and it is related to the rate 

of generation of reversible heat which results from the passage of a 

current along a portion of a single conductor along which there is a 

temperature difference, as shown in figure 2-4 [4]. He observed that 

the amount of heat exchanged is proportional to both the electric 

current and the temperature differences, and that their mutual 

direction determines if the heat is absorbed or released, which is 

determined by the Thomson coefficient (Eq. 2.3)  

 

dQ =β∙I ∙dT                         (2.3)  

 

where dQ, β, I, and dT are the rate of heat generation, Thomson 

coefficient, applied current, and temperature gradient, respectively. 

The units of β are the same as those of the Seebeck coefficient V/K. 
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Although the Thomson effect is not of primary importance in TE 

devices it should not be neglected in detailed calculations. 
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Figure 2-1. The flow chart of energy used in US in 2018 which is 

conducted by the Lawrence Livermore National Laboratory [1]. 
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Figure 2-2. A Schematic of Seebeck effect  
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Figure 2-3. A schematic of Peltier effect 

 

 

 

Figure 2-4. A schematic of Thomson effect 
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2.2 Efficiency and Figure of Merit (ZT) of 

Thermoelectric 

A single Thermoelectric (TE) device consist of a p-type and n-

type TE materials connected electrically in series and thermally in 

parallel [4, 10], it is shown in figure 2-5. The temperatures of the 

heat source and sink are TC and TH, respectively. When heat flows to 

heat sink through the p-n junction, current (I) passes in the TE 

device. Assuming no energy loss in the TE device, the efficiency of 

a TE device is determined by the ratio of electrical energy supplied 

to the load to heat energy absorbed at a heat source and is expressed 

by Eq. 2.4. [4]  

𝜂 =  
𝑃

𝑄𝐻
                         (2.4) 

where P and QH are the electrical power output and the input heat 

required at the hot junction to maintain the junction at TH, 

respectively. In order to calculate the efficiency of TE device, the 

electrical energy supplied to load P should be known, and it can be 

obtained by the difference in the thermal energy absorbed at the hot 

side QH and the thermal energy released at the cold side QC. QH and 

QC can be represented by Eq. 2.5 and 2.6, respectively.  
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𝑄𝐻 = ΔST𝐻𝐼 −
𝐼2𝑅

2
+ κΔRT                (2.5) 

𝑄𝐶 = ΔST𝐶𝐼 −
𝐼2𝑅

2
+κΔRT                 (2.6)                 

where △S is the difference in the Seebeck coefficient between p 

and n-type TE materials, R is the internal electrical resistance, I is 

the current supplied to the load, and k is the thermal conductivity, 

respectively. If it is assumed that there is no energy loss inside the 

system, the P is the difference between the heat input from the hot 

side and the heat output to cold side, which can be presented by Eq. 

2.7. 

P =  Q𝐻 − QC = (ΔST𝐻 − 𝑅𝐼)𝐼 = 𝐼2𝑅𝐿              (2.7)               

where RL is the resistance of the load, and thus the efficiency of 

the TE device (see Eq. 2.4) can be rewritten as Eq. 2.8.  

η =
𝑃

𝑄𝐻
=  

𝑅𝐿𝑆2Δ𝑇/(𝑅 + 𝑅𝐿)2 + 𝑆

ΔS𝑇𝐻𝐼 −
𝐼2𝑅

2
+ 𝜅Δ𝑇

               (2.8) 

If the value of RL/R is defined as m, and it is same as Eq. 2.9  

η =
ΔT

Th
∙

m
1 + m

1 +
1 + m

ZTh
 −  

ΔT
ZTh(1 + m)

              (2.9) 

The maximum efficiency can be obtained from the local maximum 
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where ∂η / ∂m is '0'. To calculate the maximum efficiency, 

Maximum value we need to find the local maximum where ∂η/∂m 

is ‘0’. If Eq. 2.9 is taken as a partial derivative, the maximum value 

of m is expressed as M, Eq. 2.10 is obtained. 

(
R

r
) = √1 + ZT = M                   (2.10) 

Substituting the value of M into the previously calculated 

efficiencyη, the final efficiency is as following Eq. 2.11. 

η
max

=
Δ𝑇

Th
∙

√1 + ZT − 1

√1 + ZT + (
Tc
Th

)
             (2.11) 

The ZT is called dimensionless figure of merit for evaluating the 

performance of TE device, and the unit is the inverse of temperature. 

ZT can be expressed by ZT = S2σT/k, where S, σ, T and k are the 

Seebeck coefficient, electrical conductivity, absolute temperature, 

and thermal, respectively [11, 12]. Therefore, high Seebeck 

coefficient, high electrical conductivity, and low thermal conductivity 

are required to achieve high ZT value. However, all those parameters 

have complex interrelationships [4]. The dependence of parameters 

on the carrier concentration is plotted in Figure 2-6. For example, 

the higher carrier concentration leads to larger electrical conductivity 

(σ), but is negative to the Seebeck coefficient (S). And it is also 

difficult to solely suppress thermal conductivity without deteriorating 
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the electrical conductivity. Therefore, the optimization of the carrier 

concentration is needed to improve the efficiency of a TE material 

for practical application. It is generally known that the optimized 

carrier concentration typically is between 1019 and 1021 cm-3, 

indicating that heavily doped semiconductors are best for the 

thermoelectric materials. And also the effort to find TE materials 

which have performance high enough to be used in devices, which 

consist of earth-abundant and non-toxic elements, is continuing 

today. 

 

 

 

 

 

 

 

 



27 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5. A schematic of a single thermoelectric device consisted 

of p- and n- type thermoelectric materials 
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Figure 2-6. The dependence of ZT parameters on carrier 

concentration 
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2.3 Commercial and Alternative Thermoelectric 

Material 

Over the past several decades, many thermoelectric (TE) 

materials, including alloy semiconductors such as Bi2Te3, PbTe and 

SiGe, have been integrated into conventional power generation and 

refrigeration [13-19]. As mentioned in chapter 2.2, the TE device 

consist of n- and p-type TE materials. Figure 2-7 shows the 

temperature-dependent ZT of commercially used n- and p-type 

thermoelectric materials [20]. It revealed that TE materials have a 

different temperature range showing high TE performance, so TE 

materials can be classified into the low temperature, the mid-

temperature, and the high temperature TE material according to the 

temperature in use.  

For near room temperature (~ 450K) applications such as waste 

heat generation and refrigeration, Bi2Te3 based TE materials are the 

most widely used TE material due to its greatest figure of merit for 

both n- and p-type TE systems. For mid-temperature (450 ~ 

900K), the materials based on group-IV tellurides such as PbTe and 

GeTe are typically used for waste heat recovery of automotive or 

plants. For high temperature (> 900K) application, SiGe based TE 

materials are used for the field of space. Despite the high 
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performance of TE materials such as Bi2Te3 and PbTe, they have 

limited applications because of their high cost and toxicity. Figure 2-

8 shows the price of elements is plotted as a function of abundance 

[21]. It showed that Co, Bi, Sb, Se, and Te, which constitutes the 

commercial TE materials, are ex expensive and have low abundance, 

whereas Pb is toxic and has low abundance.  

Figure 2-9 and 2-10 show the ZT of the current 

bulk thermoelectric materials as a function of year and the ZT values 

of different classes of materials over a range of temperatures, 

respectively. [14, 22]. Many efforts have been made to obtain 

alternative the TE material, which is with high performance, low cost, 

and eco-friendly. [14]. Among the alternative TE materials, SnSe 

has been considered as one of the most promising TE material, since 

reported the highest ZT value (2.6 at 923 K) in single crystalline 

form, comparable with commercial thermoelectric materials [22].  
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Figure 2-7. Temperature-dependent ZT of n- and p- type 

thermoelectric materials used commercially. 



32 

 

 

 

 

 

Figure 2-8. Price versus abundance for selected elements. Prices 

are mostly averages for the year 2009 from U.S. Geological Survey 

(2010) 
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Figure 2-9. ZT of the current bulk thermoelectric materials as a 

function of year: The left part indicates the three conventional 

thermoelectric systems with ZT < 1.0 before 1990s, the middle part 

elucidates that the ZTs were enhanced to about 1.7 by 

nanostructures, and the right part shows the high performance 

realized in promising thermoelectric materials developed recently 

and characterized by low-cost, earth-abundant, and low thermal 

conductivity [14]. 
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Figure 2-10. Dimensionless figure of merit ZT vs temperature of 

typical current thermoelectric materials. 
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CHAPTER 3. Reviews of Thermoelectric Material SnSe 

3.1. General Properties of SnSe 

SnSe is an inorganic compound semiconductor [1], that has a Molar 

mass of 197.67 g/mol, a theoretical density of 6.179 g/cm3 at room 

temperature [2], and a melting point of 1134 K [3]. SnSe has two 

stable phases: α-SnSe (T<∼800 K) and β-SnSe (T>∼800 K). 

These two phases possess a similar crystal structure (orthogonal), 

but different lattice parameters and space groups, as summarized in 

Table 3-1. Figure 3-2 (a)-(d) and figure 3-3 (a)-(d) shows the 

atomic structure of α-SnSe in a unit cell, and Figure 3(b)–(d) show 

the projected crystal structure of α-SnSe viewed along the a-, b-, 

and c-axes, respectively. At 750 K, SnSe undergoes a structural 

transition from space group Pnma to space group Cmcm. The low-

temperature orthorhombic Pnma phase (a = 11.490 Å, b = 4.440 Å, 

c = 4.135 Å) has an indirect band gap Eg = 0.86 ~ 1 eV at 300 K, 

and the high-temperature Cmcm phase has a direct band gap Eg = 

0.46 eV [4-6]. It typically behaves as a p-type material with a hole 

concentration in the range 10171018 cm3 and a room temperature 

electrical resistivity between 1017 ~ 1018 cm-3 and a room 

temperature electrical resistivity between 10 ~ 105 Ω cm. [7] SnSe 

had been ignored from a TE point of view because of the large 
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electrical resistivity and has been more useful for applications in 

solar cells, optoelectronics and other electronic devices. [8] Recently, 

however, SnSe, which is composed of nontoxic and abundant 

elements, has come to be considered a promising candidate TE 

material for practical applications. The potential of SnSe has attracted 

a great deal of attention since Zhao et al. [9] reported the high ZT 

value of ~2.6 at 923 K in single crystal SnSe, which is larger than 

the values of other state-of-the-art TE materials. 
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Table 3-1. Crystal structure data of SnSe system [10, 11] 
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Figure 3-1. (a) Unit cell of α-SnSe and crystal structure along (b) 

a-axis, (c) b-axis, and (d) c-axis. 

 

Figure 3-2. (a) Unit cell of β-SnSe and crystal structure along (b) 

a-axis, (c) b-axis, and (d) c-axis. 
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3.2 Advantage of SnSe for Thermoelectric Applications 

SnSe has been received significant attentions as one of the 

promising middle-temperature (600-900 K) thermoelectric (TE) 

materials since in 2010, Zhao et al. [9] reported a high ZT value of 

2.6 at 923 K in single crystal SnSe prepared by using the Bridgman 

technique; this ZT is larger than the values of other state-of-the-

art TE materials.  

SnSe compounds have an intrinsically high Seebeck coefficient. 

Figure 3-3 shows the comparison of the Seebeck coefficients for 

SnSe and other TE materials [12]. Seebeck coefficient of SnSe is 

significantly higher than that of other TE materials. SnSe also has a 

ultralow lattice thermal conductivity [9]. Figure 3-4 shows the 

comparison of the thermal conductivity for SnSe and other TE 

materials [12-15]. It was confirmed that the Seebeck coefficient of 

SnSe is significantly lower than that of other. The high ZT value of 

SnSe is due to its moderate power factor and ultralow thermal 

conductivity (lowest among any bulk materials being 0.23 W/m∙K 

along the a-axis at 973 K).  

Figure 3-5 shows the number of the publications related to SnSe. 

Since the high TE performance of single crystal SnSe has been 

reported, research on SnSe TE materials continues to increase. 
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Figure 3-3. The comparison of Seebeck coefficient for SnSe and 

other thermoelectric materials 

 

Figure 3-4. The comparison of Seebeck coefficient for SnSe and 

other thermoelectric materials 
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Figure 3-5. The number of articles published related to SnSe. 

(Search source; Web of science, keyword; SnSe is used for total. 

SnSe & thermoelectric were used for thermoelectric). 

 

 

3.3 Disadvantage of SnSe for Thermoelectric 
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Applications  

Recently, a new material has drawn the attention of the 

thermoelectric (TE) scientific community, with the description of a 

record-high ZT value of 2.6 at 923K in single crystalline SnSe 

semiconductor [9]. In fact, this compound had been known for a long 

time but its TE parameters were evaluated as poor [16, 17]. Indeed, 

the unusually high values reported for single-crystalline SnSe 

correspond to the threshold temperature of a structural phase 

transition at 820K from the low-temperature structure, defined in 

the Pnma space group, and consisting of corrugated layers of a NaCl 

like arrangement of SnSe3 (and SeSn3) units, to a Cmcm structure 

which is prone to decompose by Se evaporation [18, 19]. Figure 3-

6 shows the TE properties of single crystalline SnSe and 

polycrystalline SnSe, respectively. In polycrystalline specimens, the 

reported properties for single crystal materials have not been 

reproduced [18], where ZT values reach 0.5 at 820K. Also, different 

chemical substitutions in this compound in both the Sn and Se 

sublattices have led to some improvement of certain parameters [20, 

21]. The fact that SnSe is a semiconductor with a low intrinsic defect 

concentration drove some authors to increase the concentration of 

extra free carriers, However, this material presents some 

disadvantages that could impede its application i) SnSe is difficult to 



47 

 

prepare in single crystalline form, and hard to handle, as it is prone 

to cleave [9, 22], ii) the preparation described for polycrystalline 

samples requires long annealing times followed by spark-plasma 

sintering processes, leading to inhomogeneous phases where the 

segregation of Sn is frequently observed [9, 16] and which is also 

difficult to scale-up, iii) the defects introduced by the synthesis 

methods and minor impurities have a strong impact on the number of 

carriers and hence on the Seebeck coefficient and electronic 

conductivity, leading to a dispersion of the reported data in the 

literature [20].  
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Figure 3-6. Comparison of Thermoelectric Properties of 

Monocrystalline SnSe and Polycrystalline SnSe. 
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CHAPTER 4. Experimental 

4.1 Mechanical alloying (MA) 

Mechanical alloying (MA) is a solid-state powder processing 

technique involving repeated cold welding, fracturing, and rewelding 

of powder particles in a high-energy ball mill [1]. It was developed 

in the mid-1960 by Benjamin at the International Nickel Company 

(INCO) to introduce hard particles, such as oxides and carbides, into 

a metallic matrix on a scale that is much finer than can be achieved 

by conventional powder metallurgy practices. [2]. It was quickly 

found that this solid-state powder processing route enabled 

intimately mixed, fine-scale composite powders to be produced from 

a wide range of elemental and master alloy starting powders. Now, 

the MA process is the one of the methods for the synthesis of 

polycrystalline compounds. In a typical MA process, the elemental 

powders are first put into a steel crucible with steel balls of different 

diameters then subjected to mechanical alloying (MA). The weight 

ratio of ball to powder is chosen carefully for each mill and powder 

charge combination, which is typically around 10:1 for commercial 

systems [3]. In order to avoid oxidation and contamination during MA 

processing, pre- and post-MA powder handling were conducted in 

the principal protective atmospheres such as argon or hydrogen gas. 
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After MA, the mixed powders were sintered using various sintering 

methods such as conventional sintering, hot pressing (HP) and spark 

plasma sintering (SPS).  

 

4.2 Spark Plasma Sintering 

Spark plasma sintering (SPS), which is also called the pressure-

assisted pulse energizing process or the pulsed electric current 

sintering (PECS) process, is a rapid sintering technique that uses 

pressure-driven powder consolidation in which a pulsed DC current 

passes through a powder compressed in a graphite mold [4]. In 1933, 

the application of SPS was initiated by Taylor who incorporated the 

idea of resistance sintering during the hot pressing of cemented 

carbides [5], and Inoue proposed the concept of compacting metallic 

materials to a relatively high density by an electric discharge process 

in 1965 [6].  

Figure 4-1 and 4-2 show a photograph of SPS system and a basic 

SPS System configuration, respectively. SPS system consist of punch 

electrodes incorporating a water cooler, a water-cooled vacuum 

chamber, a special DC pulse sintering power generator, temperature 

measuring and control units, and mechanical loading system. And it 
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can be seen that the powder put in the graphite die are uniaxial 

pressurized. 

The figure 4-3 shows a SPS sintering mechanism. In the initial 

stage of sintering, a pulsed DC current generates a spark plasma at 

high localized temperatures in the gap between the powders, which 

causes heat. This heat forms the neck between the powder, and the 

powders are heated by Joule heating generated by an electric current 

[7].  

SPS has several advantages such as fast heating rate, fast cooling 

rate, and very short holding time over conventional systems using 

hot press (HP) sintering, hot isostatic pressing (HIP), or atmospheric 

furnaces. These combined advantages make it possible to sinter 

powders to near full densification with little grain growth [8]. The 

microstructure and phases in the final sintered products are 

significantly influenced by SPS processing parameters. In general, 

SPS process depends upon sintering temperature, applied pressure, 

heating rate, holding time, and total sintering time and those 

parameters are essential for the optimization of consolidation 

conditions for each material type [9]. 
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Figure 4-1. A photograph of SPS system. 

 

 

 

Figure 4-2. A basic SPS System configuration 
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Figure 4-3. A mechanism of SPS. 
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4.3 X-ray Diffraction Analysis 

X-ray diffraction (XRD) is a powerful nondestructive technique for 

characterizing crystalline materials such as structures, phases, 

preferred crystal orientations (texture), average grain size, 

crystallinity, strain, and crystal defects [10]. XRD is the elastic 

scattering of X-ray by atoms in a periodic lattice. The scattered X-

rays interfere with each other and this interference can be observed 

in by using Bragg ’ s law to determine characteristics of the 

crystalline materials [11]. The Bragg’s law can be expressed by 

the following equation; 

n λ = 2 d sin θ                        (4.1) 

where n is an integer called the order of reflection, and λ is the 

wavelength of the X-ray, d is the characteristic spacing between the 

crystal planes, and θ is the angle between the incident beam and the 

normal to the reflecting lattice plane.  

X-ray beam constructively interacts with the parallel plane of 

atoms when Bragg’s law is satisfied as shown in Figure 4-4. XRD 

peaks are produced by constructive interference of a monochromatic 

beam of X-rays scattered at specific angles from each set of lattice 

planes in a crystalline material. The peak intensities are determined 

by the atomic positions within the lattice planes. Consequently, XRD 
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pattern gives a periodic atomic arrangement in the material [10]. In 

this study, The XRD phase analyses of powder and sintered samples 

were carried out using X-ray diffraction (XRD, D-8 Advanced, 

Bruker) with Cu Kα radiation. 
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Figure 4-4. Bragg analysis for X-ray diffraction by crystal planes 

(http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/bragg.html). 

 

 

 

 

https://upload.wikimedia.org/wikipedia/commons/5/58/Bragg's_Law.PNG
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4.4 Electrical Conductivity and Seebeck Coefficient 

Measurement 

4.4.1 Electrical Conductivity Measurement 

A 4-point probe is a simple method to measure electrical 

conductivity of semiconductor samples. The 4-point probe method 

has been developed to minimize the contact resistance between the 

metal electrode and sample. The contact resistance depends on the 

resistance of samples. Electrical conductivity is obtained by passing 

a current through two outer probes and measuring the voltage 

through the inner probes. A constant electric current is streamed 

along the sample through Chromel or Alumel leg of the K-type 

thermocouple (TC) and resistive voltage (Vr) along the longitudinal 

direction of the bar-shaped sample is measured using the two of Pt 

probe. The voltage probe was positioned away from the current leads 

to allow a uniform flow of current through the voltage probe. The 

voltage (△V) is generated by the TCs based on the Seebeck effect, 

which can be added to the voltage Vr during the measurement of 

electrical conductivity. Therefore, in order to minimize a generated 

△V by the Seebeck effect and to measure a more accurate Vr value, 

the repeated test with reversed high current flow rate [12]. The 
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electrical conductivity is calculated by the following equation; 

σ =
𝐿

𝐴
𝑅                         (4.2) 

where L is the distance between the two voltage proves, A is the 

cross sectional area of the sample, and R is the resistance of the 

sample. Figs. 4-5 show the commercial measurement equipment 

(Seepel Corp, Gunpo, Korea) used for the measurement of electrical 

conductivity and Seebeck coefficient. 

 

4.4.2 Seebeck Coefficient Measurement 

Seebeck coefficient (S) is defined as the ratio of an open-circuit 

potential difference to the temperature difference [13]. During the 

Seebeck coefficient measurement, it is difficult to measure the 

accurate voltage and real temperatures at voltage probes. So, the 

Seebeck should be measured between two points of a sample having 

temperature T1 and T2 at the respective points, under the condition 

that no current flows through the sample during measurement to 

prevent Peltier voltage. Then one end of the sample is kept at a fixed 

temperature while the other end is slowly heated. Using the gradient 

of voltage versus temperature, the S can be found for any given 

temperature [14]. The total Seebeck coefficient of sample and Pt is 
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obtained and can be expressed by following equation; 

𝑆𝑡𝑜𝑡𝑎𝑙 = 𝑆𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑆𝑝𝑡                   (4.3) 

where Ssample and SPt are the Seebeck coefficient of sample and Pt, 

respectively. The sign of the Seebeck coefficient indicates the 

dominant charge carrier type. p-type materials have the positive 

Seebeck coefficient, whereas n-type materials have negative 

Seebeck coefficient. In this study, the commercial measurement 

equipment (Seepel Corp, Korea) shown in Figure 4-5 was used to 

measure Seebeck coefficients. 
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Figure 4-5. A photograph of the commercial measurement equipment 

(Seepel Corp, Korea) 
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4.5 Hall Effect Measurement 

In 1879 E. H. Hall observed that when an electrical current passes 

through a conductor placed in a magnetic field, a potential 

proportional to the current and to the magnetic field is developed 

across the material in a direction perpendicular to both the current 

and to the magnetic field [15]. This effect is known as the Hall effect 

and is used to understand charge transport of TE materials. So, the 

Hall effect measurement is performed, and carrier concentration and 

Hall mobility of TE materials can be obtained by Hall effect 

measurement system in this study. 

Figure 4-6 shows the mechanism for Hall effect. After current 

pass through the material, the magnetic field is applied to the 

conductor, and then the Hall voltage is produced in conductor. The 

Hall coefficient is calculated by following Eq. 4.4;  

𝑅𝐻 =
𝑉𝐻𝑤

𝐼𝐵
                        (4.4) 

where RH is the Hall coefficient, VH is the Hall voltage, w is width 

of sample, I is the current applied, and B is the magnetic field applied, 

respectively. And he electrical conductivity and carrier concentration 

are obtained by using the Hall coefficient as represented by the 

following Eq. 4.5 and Eq. 4.6; 
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𝜎 =
𝑉𝐻𝑤𝑑

𝐼𝑙
                         (4.5) 

𝑅𝐻 =
1

𝑛𝑒
                         (4.6) 

where σ is the electrical conductivity, d is the thickness of a 

sample, l is the length of a sample, n is the carrier concentration, and 

e is the charge carrier. Hall mobility, uH, is also calculated by Eq. 4.6. 

𝜇 =
𝜎

𝑛𝑒
                         (4.7) 

Figure 4-7 shows the photograph of the Hall measurement system 

(HMS 3000, Ecopia, Korea) used to obtain the carrier concentration and 

Hall mobility of the sample.  
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Figure 4-6. A schematic of mechanism of Hall effect. 

(http://hyperphysics.phy-astr.gsu.edu/hbase/magnetic/Hall.html) 

 

 

 

https://en.wikipedia.org/wiki/File:Hall_Effect_Measurement_Setup_for_Electrons.png
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Figure 4-7. A photograph of Hall measurement system (HMS 3000, 

Ecopia, Korea).  
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4.6 Thermal Conductivity Measurement 

In order to obtain a thermoelectric (TE) material with high ZT, it 

is necessary to have a low thermal conductivity. Thermal 

conductivity (k) can be defined as the rate at which heat is 

transferred by conduction through a unit cross-section area of a 

material, when a temperature gradient exits perpendicular to the area 

[16]. The Thermal conductivity is expressed by Eq. 4.7. 

                         𝐾𝑡𝑜𝑡  =  𝜌 ∙ 𝐷 ∙ 𝐶𝑃                    (4.7)                      

where ktot, ρ, D, and CP are the total thermal conductivity, density, 

thermal diffusivity, and the specific heat of a sample. In this study, t

he ρ, D, and CP values were measured using the Archimedes m

ethod, laser flash method (LFA) and, differential scanning 

calorimetry (DSC), respectively. The measurement principle and 

techniques are explained in the following sub-sections.  

 

4.6.1 Thermal Diffusivity Measurement (Laser Flash 

Technique) 

Thermal diffusivity is an important material thermophysical 

property. The most widely used method for measuring thermal 
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diffusivity is the laser flash technique [17]. The laser flash technique 

was introduced in 1961 by Parker et al. [18] Its concept is based on 

deriving thermal diffusivity from the thermal response of the rear 

side of an adiabatically insulated infinite plate whose front side was 

exposed to a short pulse of radiant energy, and the figure 4-8 shows 

the a schematic of laser flash method to measure thermal diffusivity. 

In this technique, a uniform heat pulse of short duration compared to 

the transient time through the sample is incident on the front face of 

a disc specimen, and the temperature rise on the rear face is recorded 

[19].  

The Parker et al. showed that the point corresponding to 50% of 

the temperature rise to its maximum value, t0.5 relating thermal 

diffusivity of the material to the square of the plate thickness, and 

the time needed for the rear temperature to reach 50% of its 

maximum. [18], and the thermal diffusivity is expressed as following 

Equation  

𝐷 =
0.1388𝐿2

𝑡0.5
                        (4.8) 

where L is the thickness of a sample. Even though the laser flash 

technique is the most favored one for measuring thermal diffusivity.  

Figure 4-8 shows the photograph of a laser flash analysis system 
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(LFA457, Netzsch). The samples are coated with graphite to improve 

the absorptivity. The dish shaped sample (12.7 mm in diameter and 

about 1~2mm thick) is placed in a vacuum furnace and isothermally 

heated at a uniform temperature. A short laser pulse irradiates one 

side of the sample and the temperature rise on the opposite sample 

face is measured by an IR detector.  

 

4.6.2 Specific Heat Capacity  

Heat capacity is a material-specific physical quantity, determined 

by the amount of heat supplied to specimen, divided by the resulting 

temperature increase. The specific heat capacity is related to a unit 

mass of the specimen. The unit of measure of specific heat capacity 

is kJ/kg∙K.  

Figure 4-10 shows a photograph of differential scanning 

calorimetry (DSC 204F1 Phoenix, Netzsch). Differential scanning 

calorimetry (DSC) is a thermoanalytic technique that looks at how a 

material's heat capacity (Cp) is changed by temperature [20]. 

Generally, the Cp is measured by differential scanning calorimetry 

(DSC). Although the Cp can be measured using the LFA, it is not as 

accurate and reliable as DSC.  
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In an ideal DSC measurement, no heat flow would occur unless a 

sample with heat capacity was heated, and the empty pan baseline 

would be a straight line at 0 mW. When a sample is heated in ideal 

DSC, the displacement will be occurred from the zero line, which can 

be expressed as Eq. 4.9 [21]; 

𝑑𝑄

𝑑𝑡
=  𝐶𝑃 ×  𝛽 ×  W                    (4.9) 

where dQ/dt is heat flow, β is heating rate and W is the sample 

mass. In real DSC measurement, however, there is a heat flow offset 

when there is no sample present. Therefore, in order to obtain 

accuracy Cp of the sample, it has been necessary to subtract an 

empty pan baseline run under identical conditions, before determining 

Cp from Eq. 4.9 [21] . 

According to ASTM standard E1269, which requires three scans: 

a baseline scan, a scan using a sapphire standard, and the sample 

scan, the Cp were measured by DSC, and each samples were 

measured three times under same conditions. 
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Figure 4-8. Laser flash method principles. 
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Figure 4-9. A photograph of laser flash analysis system (LFA 457, 

Netzsch).  

 

Figure 4-10. A photograph of differential scanning calorimetry 

(DSC 204F1 Phoenix, Netzsch) 
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Chapter 5. The effects of Sintering Pressure on the 

Electrical Transport and Thermoelectric Properties of 

the Polycrystalline SnSe 

5.1 Introduction 

Due to growing interest in new energy systems to solve the global 

energy crisis, the world’s demand for new, clean and renewable 

energy resources has been increasing [1, 2]. Thermoelectric (TE) 

materials, which can convert waste heat into electrical energy, has 

been attracting attention as an alternative eco-friendly energy 

material [3, 4]. The performance of a TE material is represented by 

the figure of merit (ZT), ZT = (S2σ/k)T, where S, σ, k, and T are 

Seebeck coefficient, electrical conductivity, thermal conductivity, and 

absolute temperature, respectively. [5]. Over the past several 

decades, many TE materials, including alloy semiconductors such as 

Bi2Te3, PbTe, and SiGe, have been integrated into conventional power 

generation and refrigeration systems [6-11].  

Recently, SnSe, which is composed of nontoxic and abundant 

elements, has been considered as a promising candidate for a TE 

material for practical application. The potential of SnSe has attracted 

a great deal of attention since high ZT value of ~2.6 at 923 K was 
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reported in single crystal SnSe by Zhao et al [12]. Zhao et al. [13] 

also reported the enhanced TE properties of Na-doped single crystal 

SnSe In the case of single crystal SnSe, however, the mechanical 

properties are poor, and the production cost is high [14]. SnSe should 

be synthesized in a polycrystalline form for practical application. And 

so, efforts were made to make polycrystalline SnSe which has TE 

performance similar to that of single crystal SnSe. It was reported 

that thermal conductivity of polycrystalline SnSe is similar to that of 

single crystal SnSe, but its electrical conductivity is remarkably low 

compared to that of single crystal [14].  

Various studies have been carried out to improve the 

electrical conductivity of polycrystalline SnSe by doping [15-

24]. Chen et al. and Zhang et al. reported the TE performance 

of Ag doped polycrystalline SnSe [16, 17]. According to Chen 

et al. [16], Ag is not an effective doping element, while Zhang 

et al. [17] reported that TE performance of SnSe can be 

improved by Ag doping and a ZT of ~1.3 was obtained in the 

Ag-doped SnSe. Wei et al. [18] investigated TE performance 

of polycrystalline SnSe doped with three alkali metals (Li, Na, 

and K) and reported a ZT of ∼0.8 in Na doped SnSe. Singh et 

al. [19] reported a ZT of up to ~ 0.7 in Cu doped SnSe which 
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was attributed to the presence of Cu2Se second phase 

associated with intrinsic nanostructure formation of SnSe. Li et 

al [20] reported a ZT of up to ~0.96 in Zn doped SnSe, which 

was ~40% higher than that of pure SnSe. Ge et al. [21] reported 

that Na and K co-doping can lead to the increase of Seebeck 

coefficient and a decrease of lattice thermal conductivity in 

polycrystalline SnSe, which resulted in a ZT of ~1.2 in 1% (Na, 

K) co-doped SnSe. Chandra et al. [22] reported a ZT of ~0.21 

at 719 K for 6% Bi-doped SnSe nanosheets, which is higher 

than that of n-type SnSe nanosheets. They [23] also reported 

a ZT of ~2.1 at 873 K in 3 % Ge-doped SnSe nanoplates 

synthesized by a simple hydrothermal route followed by spark 

plasma sintering (SPS)  

The TE performances of polycrystalline SnSe which was improved 

by doping, however, are still low compared to that of single crystal 

SnSe. Further improvement of TE performance of polycrystalline 

SnSe is needed for practical application. SnSe has anisotropic 

structure, and its electrical/thermal properties strongly depend on 

the crystal orientation [12]. Therefore, if the grains of 

polycrystalline SnSe can be oriented along the direction with high 

electrical conductivity through the control of texture, the electrical 
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properties can be improved. There are a few reports on the TE 

properties of textured polycrystalline SnSe [25-28]. Popuri et al. 

[25] reported anisotropic TE properties of polycrystalline SnSe 

when they were measured along the direction perpendicular and 

parallel to the pressure applied during hot pressing. Fu et al. [26] 

reported a ZT of ~0.92 at 873K in highly textured polycrystalline 

SnSe samples prepared by zone melting. But, zone melting is a 

relatively long and expensive process and is a difficult process to 

control the degree of texture. Feng et al. [28] reported that different 

degrees of texture of the polycrystalline SnSe can be obtained by 

SPS at different sintering temperatures; a ZT of ~0.81 was obtained 

at 773K in the polycrystalline SnSe which was sintered at 623 K. 

However, measurement of the TE properties at a temperature higher 

than the sintering temperature can lead to changes of the 

microstructure (e.g. grain size, density, etc.) and loss of some 

element(s), which can affect the TE property [29, 30]. Li et al. [30] 

reported that the degree of texture of polycrystalline SnSe is not 

affected by sintering temperature. Therefore, it is difficult to explain 

the change of TE property using the change of the degree of texture 

only, when factors other than the degree of texture can affect the TE 

properties. 
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One way to control the degree of texture of polycrystalline SnSe is 

to change the sintering pressure. In the case of Bi2Te3, CoSb3, and 

BiCuSeO, which have anisotropic TE properties, the TE performance 

can be improved by controlling the degree of texture through 

sintering pressure. [31-34]. The effect of texture on the TE 

properties of SnSe (which also has anisotropic TE properties) with 

all parameters other than the degree of texture kept constant, has 

not been reported. In this study, the degree of texture of 

polycrystalline SnSe was controlled by the pressure applied during 

SPS, and the effects of sintering pressure on electrical transport and 

TE properties of the polycrystalline SnSe were investigated. 
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5.2 Experimental Procedure  

5.2.1 Synthesis of Polycrystalline SnSe Powder 

Figure 5-1 shows the experimental procedure. High purity Sn (4N, 

Sigma Aldrich) and Se (99.99%, Sigma Aldrich) powders were used 

as the starting materials. Sn and Se were weighed based on the 

stoichiometry of SnSe and placed in a steel crucible at a ratio of 5:1 

with steel balls. Using the prepared mixture, polycrystalline SnSe 

powder was then synthesized by mechanical alloying for 4 h in Ar 

atmosphere.  

5.2.2 Fabrication of Polycrystalline Bulk SnSe 

Approximately 4 grams of the synthesized SnSe powder was 

placed in a 12.5 mm-diameter graphite crucible die and sintered in 

vacuum (~2 x 10-3 Torr) at 850 K for 5 min under various uniaxial 

pressure of 0, 30, 60, 90 and 120MPa using SPS.  

5.2.3 Characterization 

Sintered SnSe samples were carried out using X-ray diffractio

n (XRD, D-8 Advanced, Bruker). The microstructures of the sa

mples were observed using a field emission scanning electron mi
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croscope (FE-SEM, SU-70, JEOL). The size distribution of SnS

e particles were observed using a particle size analyzer (PSA, L

S 13 320, Beckman Coulter). The disk-shaped sintered bodies 

were cut into bar shapes of 1.5 x 1.5 x 7 mm3. The electric con

ductivity and Seebeck coefficient were measured from 300K to 8

23K using a commercial measurement equipment (Seepel Corp). 

Carrier concentrations of the SnSe samples at room temperature 

were obtained using a Hall measurement system (HMS 3000, Ec

opia). The total thermal conductivity (ktot) can be expressed as t

he sum of electronic thermal conductivity (ke) and lattice thermal

 conductivity (klatt). The ktot was calculated by multiplying the sp

ecific heat (Cp), thermal diffusivity (D), and density (ρ). The Cp

 values which were measured from room temperature to 823k us

ing differential scanning calorimetry (DSC, DSC-404C, Netzsch) 

were used for the calculation of ktot. The samples were put in an

 alumina crucible in Ar atmosphere, and the DSC curve was reco

rded with a heating rate of 10 K/min. The D and ρ values were

 measured using the laser flash method (LFA457, Netzsch) and t

he Archimedes method, respectively. The ke was obtained using 

the Wiedemann–Franz law, ke = LσT, where L, σ and T are Lor

enz number, electrical conductivity and absolute temperature, res

pectively. The Lorenz number which was calculated from the Se
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ebeck coefficients by fitting to the reduced chemical potential in 

prior reports, was used to obtain ke. [35, 36]. The klatt was obtai

ned by subtracting the ke from the ktot. The TE properties of all 

the samples were measured perpendicular to the direction of the 

pressure applied during the SPS. 
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Figure 5-1. Experimental procedure. 
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5.3. Results and Discussion 

5.3.1 Phase Analysis of Textured Bulk SnSe 

Figure 5-2 shows the XRD pattern and the SEM image of the SnSe 

powder prepared using mechanical alloying. The peaks with (hkl)’s 

are from orthorhombic SnSe (PDF #48-1224), and peaks from 

secondary phase(s) are not observed in the pattern. The average 

size of SnSe particles observed by PSA was approximately 8.2 um 

and the result is shown in Figure 5-3.  

Figure 5-4 shows XRD patterns of the polycrystalline SnSe 

sintered with different sintering pressures. XRD patterns were 

obtained from planes perpendicular to the direction of the applied 

pressure. All the diffraction peaks in Figure 2 come from the 

orthorhombic SnSe (PDF #48-1224), and no peaks from any 

secondary phase(s) are observed. As the sintering pressure is 

increased, the relative intensity ratio I(111)/I(400) is decreased, 

which means that the degree of (100) out-of-plane orientation is 

increased.  

The degree of texture of the samples can be described by the 

Lotgering factor (F) [37]. The F value is defined using the following 

equation; 
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                   F =
(P − P0)

(1 − P0)
                        (5.1) 

Where P =∑I(l 0 0)/∑I (h k l) for the textured sample, and P0 is P 

for randomly oriented sample. In this study, P0 was calculated from 

the data of the orthorhombic SnSe (PDF #48-1224). The results are 

shown in table 5-1. The calculated F values of the SnSe, which were 

sintered with different pressures of 30, 60, 90 and 120MPa, were 

0.11, 0.16, 0.25 and 0.43, respectively.  
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Figure 5-2. X-ray diffraction (XRD) pattern and the SEM image of 

the SnSe powder prepared using mechanical alloying. 

 

Figure 5-3. Particle size distributions of SnSe powder using 

analyzer (PSA). 



89 

 

 

 

 

 

 

Figure 5-4. X-ray diffraction (XRD) pattern and the SEM image of 

the SnSe powder prepared using mechanical alloying. 
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Table 5-1. Lotgering factor (F) and charge transport properties of 

the polycrystalline SnSe sintered with different sintering pressures 

(30, 60, 90 and 120MPa). The carrier concentration (n), carrier 

mobility (μ), and electrical conductivity were measured at room 

temperature. 

Sintering 

pressure 

(MPa) 

Lotgering 

factor 

(F) 

Carrier 

concentration 

[n, cm-3] 

Carrier 

mobility 

[μ,cm2/V·

s] 

Conductivity 

[σ, S/cm] 

30 0.11 3.04 x 1018 7.5 3.89 

60 0.16 3.16 x 1018 10.46 5.59 

90 0.25 2.99x 1018 12.27 6.19 

120 0.43 2.89 x 1018 21.21 10.35 
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5.3.2 Microstructure of Textured Bulk SnSe 

Figure 5-5 (a) ~ (d) show the FE-SEM micrographs taken from 

the fracture surface of the polycrystalline SnSe samples sintered 

with different pressures. All the sintered samples have dense 

microstructure and plate-like grains. As the sintering pressure is 

increased, plate-like grains are aligned along the direction 

perpendicular to the pressure applied during sintering. A much higher 

degree of texture is observed in the SnSe sintered with 120MPa than 

that sintered with 30MPa. From the results of XRD and FE-SEM, the 

surface of the plate-like grain can be (100) plane. Feng et al. [28] 

reported that the surface of the plate-like SnSe particle is (100) 

plane and the plane of preferred orientation changed from (111) to 

(100) when SPS pressure was increased, which is consistent with 

the results of this study. An electron probe micro-analysis (EPMA) 

was used to quantitatively determine the composition of all the 

sintered samples. The atomic ratio of Sn and Se for all the sintered 

samples was close to 50 (±0.1) : 50 (±0.1), which means that there 

was no change of composition during sintering. The grains sizes of 

all the samples observed by FE-SEM were similar. Therefore, the 

change of TE properties can be explained by the single effect of 

texture generated by the pressure applied during SPS, without the 

effect of the change of composition and grain size.  



92 

 

 

 

Figure 5-5. FE-SEM micrographs taken from the fracture surface of 

the polycrystalline SnSe sintered with different sintering pressures 

(a) 30, (b) 60, (c) 90 and (d) 120MPa. 
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5.3.3 Thermoelectric (TE) property of Textured Bulk 

SnSe 

Figure 5-6 (a) shows the temperature-dependent electrical 

conductivity (σ) of the polycrystalline SnSe sintered with different 

sintering pressures. The way electrical conductivity changes with 

temperature does not change when different pressure was applied 

during SPS. The electrical conductivities were increased with 

temperature up to ~450K, then decreased from ~450K to ~650K, 

and then increased again. The change of electric conductivity with 

the temperature observed in this study is in agreement with those of 

the previous reports [28, 38, 39]. Sassi et al. [38] reported that the 

reduction of the electrical conductivity can occur when Sn is melted 

at a temperature around 505K. Fu et al. [39] reported that the 

increase in electrical conductivity at temperatures above ~650K can 

be attributed to the thermal activation of minority carriers and the 

phase transition of the SnSe from Pnma to Cmcm.  

The electrical conductivity is increased with sintering pressure. In 

general, electrical conductivity is known to be influenced by carrier 

concentration (n) and carrier mobility (μ). To investigate the effects 

of pressure on the charge transport properties, the carrier 

concentration and mobility of SnSe sintered at different pressures 
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were measured at room temperature, and the results are shown in 

Table 5-1. As the pressure is increased, the carrier concentrations 

of the SnSe, which are in the range of 2.8 ~ 3.0 x 1018 cm-3, do not 

show any significant change. Yan et al. [40] and Ghosh et al. [41] 

reported that the bandgap of SnSe is reduced by high pressures (4 ~ 

10GPa) and the intrinsic carrier concentration is increased by the 

reduced bandgap. In this study, however, there was no significant 

change in the carrier concentration when the pressure applied during 

SPS was changed (30~120MPa). It is difficult to explain the increase 

of the electric conductivities observed in this study using the change 

of the band gap which was used to explain the change of electrical 

conductivities in previous studies [23,24]. The improvement of the 

electric conductivity with increasing pressure can come from the 

increase of the carrier mobility. The enhancement of degree of 

texture was confirmed through XRD and FE-SEM (fig 5-4 and 5), 

which can lead to the increased hole carrier mobility, which is 

consistent with the results of Fu et al. [39]. 

Figure 5-6 (b) shows the temperature-dependent Seebeck 

coefficients (S) of the polycrystalline SnSe sintered with different 

sintering pressures. S values can be determined by Pisarenko 

relationship which is given below [42]. 
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S =  
8𝜋2𝑘𝐵

2𝑇

3𝑞ℎ
2 𝑚d

∗ (
𝜋

3𝑛
)2/3                  (5.2) 

where q, k𝐵, h, 𝑚𝑑
∗ , and n are the charge of carrier, the Boltzmann 

constant, the Planck constant, and the density of state (DOS) 

effective mass, respectively.  

The measured Seebeck coefficients are positive, which means that 

the samples are p-type semiconductors. For all the samples, up to 

550K, the S values are increased, and then are slightly decreased, 

followed by a sharp decrease from 750K. The decrease in the 

Seebeck coefficient in the temperature range of 550~673K can be 

the result of the bipolar conduction by the excitation of the minor 

carrier [28], and the sharp decrease of the Seebeck coefficient can 

be caused by the increase of the hole concentration by the phase 

transition of SnSe from Pnma to Cmcm [26, 43]. The S values of all 

the samples at room temperature are not significantly changed by 

sintering pressure. According to the measured carrier concentrations 

(Table 5-1), the carrier concentration at room temperature did not 

change with the increase of sintering pressure, indicating that the 

Seebeck coefficient is not affected by the degree of texture.  

Figure 5-7 shows the temperature-dependent power factor 

(PF=S2σ) of the polycrystalline SnSe sintered at 850K with 

different sintering pressures (30, 60, 90 and 120MPa). The SnSe 
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sintered at 120MPa has a PF of ~3.9 x10-4 W/m∙ K2 at 823K, due to 

the improved electrical conductivity, which means that the use of 

sintering pressure can enhance the electrical transport of 

polycrystalline SnSe.  
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Figure 5-6. The temperature-dependent (a) electrical conductivity 

(σ) and (b) Seebeck coefficient (S) of the poly-crystalline SnSe 

sintered with different sintering pressures. 
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Figure 5-7. The temperature-dependent power factor (PF=S2σ) of 

the polycrystalline SnSe sintered with different sintering pressures. 
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5.3.4 Thermal Conductivity and ZT of Textured Bulk 

SnSe 

Figure 5-8 (a) shows the temperature-dependent total thermal 

conductivities (k tot) of the SnSe sintered at 850K with different 

sintering pressures. k t o t  is decreased with the increase of 

temperature from room temperature to 773K, and then is increased 

at temperatures higher than ~773K due to the phase transition of the 

SnSe from Pnma to Cmcm [18, 25]. As the sintering pressure is 

increased, the ktot increased, which can be explained in terms of the 

changes in electrical/lattice thermal conductivity. ktot is a sum of ke 

and klatt. ke was calculated using the Wiedemann–Franz relation, ke = 

LσT, where L, σ and T are Lorenz number, electrical conductivity 

and absolute temperature, respectively. klatt can be obtained by 

subtracting ke from ktot.  

Figure 5-8 (b) shows the temperature-dependent electronic 

thermal conductivity (ke) and the lattice thermal conductivity (klatt) 

of the SnSe sintered with different pressures. In all the samples, the 

change in klatt with increasing temperature is similar to the change in 

ktot. klatt is decreased with the increase in temperature up to ~ 773K 

and then is increased at temperatures over 773K. Leng et al. [44] 

and Gao et al. [45] reported that the decreasing of klatt up to ~ 773K 
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is due to the increase in phonon scattering with increasing 

temperature, and the increase of klatt over 773K is related to the 

phase transition from Pnma to Cmcm. When sintering pressure is 

increased from 30 to 120MPa, the change of ke is not noticeable, but 

the change of klatt is significant, indicating that the change of ktot is 

mainly determined by the change of klatt. The grain boundary 

scattering was reported to have a significant influence on lattice 

thermal conductivity [46, 47], which can be responsible for the 

change of klatt observed in this study. As the sintering pressure is 

increased, the enhancement of degree of texture along the direction 

perpendicular to the applied pressure is observed through XRD and 

FE-SEM (figure 2 and 3), which can lead to the decrease in the 

phonon scattering at the grain boundary, which results in the increase 

of lattice thermal conductivity.  

Figure 5-9 shows the temperature-dependent figure of merits 

(ZT) of the polycrystalline SnSe obtained from the electrical 

conductivity, Seebeck coefficient, and thermal conductivity. The 

highest ZT value obtained in this study was from the SnSe sample 

sintered at 60MPa, which was about 0.7 at 823K. To investigate the 

reproducibility of ZT values of SnSe sintered at 60MPa, ZT values of 

three SnSe samples sintered at 60 MPa were compared, and the 
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results are shown in figure 5-10. The ZT values of all three samples 

show no significant difference.  

The results of this study shows that as the pressure applied during 

sintering is increased, the electrical conductivity of polycrystalline 

SnSe can be effectively increased by out-of-plane texturing, which 

gives a positive effect on the ZT value. The thermal conductivity, 

however, was also increased by the reduced phonon scattering at the 

grain boundary, which gives a negative effect on the ZT value. 

Therefore, large improvement of ZT was obtained in the 

polycrystalline SnSe sintered with 60MPa at temperatures > ~700K 

which has high power factor and small change of thermal conductivity 

compared to the samples sintered with 30MPa. This study shows that 

different amount of out-of-texturing can be obtained by the 

application of different pressures, which can be used to control the 

TE performance. 

 

 

 

 

 



102 

 

 

Figure 5-8. The temperature-dependent (a) total thermal 

conductivity (ktot), (b) electronic thermal conductivity (ke) and the 

lattice thermal conductivity (kL) of the polycrystalline SnSe sintered 

with different sintering pressures. (filled shapes - the lattice thermal 

conductivity; hollow shapes - the electronic thermal conductivity). 



103 

 

 

 

 

 

Figure 5-9. The temperature-dependent figure of merits (ZT) of the 

polycrystalline SnSe sintered with different sintering pressures. 
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Figure 5-10. The ZT values of three SnSe samples spark-plasma-

sintered at 60MPa. 
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5.4. Summary 

This study investigated the effects of the pressure applied during 

spark plasma sintering (SPS) on the electrical charge transport and 

the thermoelectric (TE) properties of the polycrystalline SnSe. 

Degree of texture was enhanced with increasing sintering pressure 

from 30 to 120MPa during SPS of polycrystalline SnSe, which lead 

to the increase of carrier mobility, thereby increasing the electrical 

conductivity. When the pressure was increased, the total thermal 

conductivity was significantly increased by the increase of the lattice 

thermal conductivity which resulted from the decrease of the phonon 

scattering at the grain boundary. A ZT of ~0.7 was obtained at 823K 

from the polycrystalline SnSe, which was sintered with a pressure of 

60MPa, which can be attributed to large increase in electrical 

conductivity with very small increase of the thermal conductivity. 

This study shows that the TE properties of the polycrystalline SnSe 

can be controlled by the degree of texture which can be obtained by 

the pressure applied during SPS. 
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CHAPTER 6. Electrical Transport and Thermoelectric 

Properties of SnSe-SnTe Solid Solution 

6.1 Introduction  

Thermoelectric (TE) materials, which can reversibly convert 

thermal energy into electrical energy, has been considered as a way 

to solve energy crisis and environmental problems [1, 2]. The 

performance of a TE material is evaluated by the dimensionless 

figure of merit (ZT), ZT = (S2σ/k)T, where S, σ, k and T are 

Seebeck coefficient, electrical conductivity, thermal conductivity and 

absolute temperature, respectively [3]. Large ZT values can be 

obtained by high power factor PF (=S2σ) and low thermal 

conductivity. To increase both σ and S simultaneously is difficult 

because they tend to change in the opposite direction as charge 

carrier concentration changes. And it is also very difficult to increase 

σ and to decrease k at the same time because the electronic 

component of k tends to change in the same direction as the change 

of σ. And so the effort to find TE materials which have performance 

high enough to be used in devices, which consist of earth-abundant 

and non-toxic elements, is continuing today.  

Over the past several decades, various TE materials such as 
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Bi2Te3- , PbTe- and ZnSb-based compounds, skutterudites, and 

half-Heusler compounds have been integrated into TE device [4-7]. 

In recent years, tin selenide (SnSe) which contains non-toxic and 

earth-abundant elements has been considered as a promising TE 

material since Zhao et al. [8] reported remarkable ZT value of ~2.6 

at 923K (the world record to date) along the b-axis in its single 

crystal SnSe. It, however, is still difficult to use single crystal TE 

materials in devices because of poor mechanical properties and high 

production cost. For these reasons, the researches on SnSe have 

focused on developing high performance polycrystalline SnSe [8-

11]. Many approaches to obtain polycrystalline SnSe which has TE 

performance similar to that of single crystal through texturing [9], 

doping [10] and nanoinclusion [11] have been reported. The ZT 

values of polycrystalline SnSe which is lower than that of single 

crystal SnSe come mainly from its relatively low electrical 

conductivity (σ) and high thermal conductivity (k) [12]. Recently, 

Chung et al. [13] reported that the high thermal conductivity in 

polycrystalline SnSe is attributed to surface tin oxides and a ZT value 

of ~2.5 at 773K in polycrystalline SnSe doped with 5% PbSe by 

removing surface oxide, which is the highest ZT value reported so 

far. 

One potential way to optimize the TE performance of 
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polycrystalline SnSe is making solid solution which has been used in 

other TE systems such as Bi2-xSbxTe3, Mg2Si1-xSn and PbTe1-xSex 

[14-17]. In solid solution, electrical transport properties can be 

improved by optimizing carrier concentration through band gap 

engineering while lattice thermal conductivity can be suppressed by 

enhanced phonon scattering through atomic disorder and mass 

difference [18]. To determine the element for forming the solid 

solutions, Hume-Rothery rules are usually used [19, 20], which 

indicate that the solute and the solvent atoms should have: (1) similar 

size, (2) similar crystal structure, (3) similar valence state and (4) 

similar electronegativity  

There are a few reports on TE properties of SnSe-based solid 

solutions [21-26]. Han et al. [21] investigated the TE properties of 

SnS1-xSex solid solutions and reported that a ZT of ~ 0.82 in 

SnS0.2Se0.8, which was more than four times higher than that of SnS, 

was achieved by the increase of carrier mobility and the reduction of 

lattice thermal conductivity. Wei et al. [23] reported that single-

phase Sn1-xPbxSe solid solutions were formed up to x = 0.12, and the 

highest ZT was ~ 0.85 which was obtained in the sample with x = 0, 

which means that there was no significant enhancement in ZT value 

by Pb substitution. Saini et al. [24] reported that, the electrical 

properties of SnTexSe1-x (0 < x < 1) solid solutions which exhibit p-
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type conduction behaviours can be improved with the increase of Te 

contents. Hong et al. [25] also reported that SnSe1-xTex (0 < x < 0.2) 

nanoplates prepared by solvothermal method has p-type conduction 

and a ZT of ~ 1.1 was achieved in SnSe0.9Te0.1 which was higher than 

that of SnSe (ZT ~ 0.97). On the other hand, Chen et al. [26] 

reported that SnSe1-xTex (x= 0, 0.0625) has n-type conduction 

behaviour, and the incorporation of Te does not improve the electrical 

transport properties of SnSe. Thus, the precise role of Te on the TE 

properties of SnSe1-xTex solid solution is still not fully understood, 

and a detailed study of the TE transport properties of SnSe1-xTex 

solid solution is needed.  

The purpose of this study was to gain a better understanding of the 

effect of Te substitution on the TE properties of the SnSe-SnTe 

solid solution. In this study, SnSe1-xTex (0 ≤ x ≤ 1) were prepared 

by mechanical alloying and spark plasma sintering, and their TE 

transport properties were investigated. Here we report the solubility 

limit of Te in SnSe1-xTex is somewhere between x = 0.3 and 0.5 and 

a ZT of ~ 0.78 (x = 0.3) is obtained at 825K (the ZT of SnSe is 0.7). 

The improvement of ZT is attributed to the increase of electrical 

conductivity which can be obtained from the tuning of carrier 

concentration and to the decrease of lattice thermal conductivity 

obtained by enhanced phonon scattering through point defect. 
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6.2 Experimental Procedure 

6.2.1 Synthesis of Polycrystalline SnSe-SnTe Solid 

Solution  

Figure 6-1 shows the experimental procedure. Sn (99.99%, Sigma 

Aldrich), Se (99.99%, Sigma Aldrich) and Te (99.99%, Kunjundo 

Chemicals) powders were used to synthesize the polycrystalline 

SnSe-SnTe solid solutions. High purity single elements of Sn, Se and 

Te were weighed according to the stoichiometry of SnSe1-XTex (x= 

0, 0.1, 0.3, 0.5, 0.8 and 1), loaded into a steel crucible (100 mL) at a 

ratio of 5:1 with steel balls of different diameters (3mm and 1mm) in 

an Ar filled glove box and then subjected to mechanical alloying (MA). 

~35% of the crucible was filled with the powder mixture and balls. 

The polycrystalline SnSe1-XTex powders were synthesized by MA at 

250 rpm for 4 h, which was confirmed by XRD and the result were 

shown in figure 6-2.  
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Figure 6-1. Experimental procedure. 
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Figure 6-2. Theta-2theta XRD patterns of the polycrystalline 

SnSe1-xTex (x= 0, 0.1, 0.3, 0.5, 0.8 and 1) powder prepared using 

mechanical alloying. 
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6.2.2 Fabrication of Polycrystalline Bulk SnSe-SnTe 

Solid Solution  

In order to fabricate a bulk sample, the MA-derived powders were 

ground in an alumina mortar and sieved through a 140-mesh 

stainless steel mesh, loaded into a 12.5 mm-diameter graphite mold 

and was spark plasma sintered in vacuum (~ 2 x 10-3 Torr) at 850K 

for 10min under uni-axial pressure of 30 MPa. 

6.2.3 Characterization 

The qualitative phase analyses of the disk-shaped sintered 

samples were carried out using X-ray diffraction (XRD, D-8 

Advanced, Bruker) with Cu Kα radiation. The microstructures of 

fracture surface of the sintered samples were observed using a field 

emission scanning electron microscope (FE-SEM, SU-70, JEOL), 

and the elemental distribution analyses were conducted on the 

polished surface of bulk samples using an energy-dispersive X-ray 

spectroscopy (EDS). The elemental ratios of the bulk samples were 

determined by Electron Probe Micro-Analysis (EPMA). The dish-

shaped sintered samples were cut into bars with dimensions of 1.5 x 

1.5 x 7 mm3. The bar-shaped samples were used for simultaneous 

measurement of Seebeck coefficient and electrical conductivity using 
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a commercial measurement equipment (Seepel Corp) under an Ar 

atmosphere from room temperature to 850 K. Carrier concentrations 

of the SnSe samples were obtained using a Hall measurement system 

(HMS 3000, Ecopia) at room temperature. The optical characteristics 

of the SnSe1-XTex were determined using a UV-Vis-NIR 

spectrometer (UV-3600 plus, Shimadzu). The reflectance spectra 

were obtained over the wavelength range of 200 to 2600 nm with a 

step size of 1 nm.  

The analyses of density of state (DOS) and the calculations of 

electronic band structure were carried out for the SnSe1-XTex using 

the atomic positions and the lattice parameters from the Rietveld 

analysis of each bulk sample, and the result are shown in table 6-1. 

The unit cell of SnSe consists of eight atoms, and there are four sites 

of Se which can be substituted by Te per unit cell. Therefore, we 

used homogenous solid solutions of x = 0, 0.125 and 0.250 to 

calculate electronic band structures of SnSe1-xTex. 

We performed the first-principles calculation using the Vienna ab 

initio simulation package (VASP) based on the density functional 

theory (DFT) [27]. The exchange and correlation energies were 

treated within the generalized gradient approximation (GGA) 

according to the Perdew-Burke-Ernzerhof (PBE) parameterization. 

Projector augmented-wave (PAW) potentials are used for electron-
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ion interactions. A plane wave kinetic energy cutoff of 450 eV and 4 

x 12 x 12 k-point sets were used. The self-consistent calculation 

for structural optimization cycles were repeated until the energy 

difference and force became smaller than 1 x 10-6 eV and 1 x 10-2 e 

V Å-1, respectively. The standard PBE+U calculations were used to 

obtain the band gap energy.  

The total thermal conductivity (ktot) can be expressed as the sum 

of electronic thermal conductivity (ke) and lattice thermal 

conductivity (klatt). The ktot was calculated by multiplying the specific 

heat (Cp), thermal diffusivity (D) and density (ρ). The Cp, D and ρ 

values were measured using the differential scanning calorimetry 

(DSC, Netzsch), the laser flash method (LFA457, Netzsch), and the 

Archimedes method, respectively. The ke was obtained using the 

Wiedemann–Franz law, ke = LσT, where L, σ and T are Lorenz 

number, electrical conductivity and absolute temperature, 

respectively. The Lorenz number L which was obtained 

from fitting the Seebeck coefficient to the reduced chemical 

potential was used to obtain ke [28, 29]. The klatt was obtained by 

subtracting the ke from the ktot. The TE properties of all samples were 

measured perpendicular to the direction of the pressure applied 

during the SPS. 
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Table 6-1. Tin (Sn), selenium (Se) and tellurium (Te) atomic ratios 

and chemical compositions of polycrystalline SnSe1-xTex (x= 0, 0.1 

and 0.3) obtained by electron probe micro-analyses (EPMA). 

Nominal 

compositions 

Sn 

(at%) 

Se 

(at%) 

Te 

(at%) 

Analyzed 

compositions 

SnSe 49.9 50.1 - Sn0.998Se1.002 

SnSe0.9Te0.1 50.1 45.2 4.7 Sn1.002Se0.904Te0.094 

SnSe0.7Te0.3 50.2 35.3 14.5 Sn1.004Se0.706Te0.290 
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6.3 Results and Discussion 

6.3.1 Phase Analysis of SnSe-SnTe Solid Solutions 

Figure 6-3 shows the XRD patterns of the sintered SnSe1-xTex 

(x= 0, 0.1, 0.3, 0.5, 0.8 and 1) prepared using MA and spark plasma 

sintering. For all the sample, there is a peak at around 2theta = 34 

which corresponds to SnO2 is observed, which is consistent with the 

results of previous reports [30, 31]. Zhang et al. [31] reported that 

oxygen can be physically adsorbed on SnSe before SPS, and it can 

be chemically adsorbed on SnSe after SPS and transformed into 

oxides. However, the Sn-rich phase is not observed by EDS, and 

chemical compositions of all samples are close to the nominal ones 

(shown in Figure 6-4 and Table 6-1). And so, we assumed that the 

amount of SnO2 inside the sintered samples is very small and almost 

the same in all the sintered samples, and the effect of SnO2 on the 

TE properties was not accounted for in this study.  

When x=0, all the peaks of the sample are matched with those of 

orthorhombic SnSe (PDF #00-048-1224). On the other hands, 

when x=1, all the peaks of the sample are matched with those of 

cubic SnTe (PDF #04-003-4188). As Te contents are increased, 

the peak positions of the samples tend to shift towards low 2θ 
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values, which indicates that the incorporation of Te induces lattice 

expansion (see the table 6-2) due the fact that Te has a larger 

atomic radius (0.21 nm) than Se (0.19 nm), which is consistent with 

the results previous reported [25]. When x = 0.5, diffraction peaks 

from SnSe and SnTe are observed simultaneously, which indicates 

the presence of both SnSe and SnTe. This implies that the solubility 

limit of Te element in SnSe1-xTex can be somewhere between x = 

0.3 and 0.5. In this study, all the SnSe1-xTex samples were sintered 

at 850K. Volykhov et al. [32] reported that the solubility limit of Te 

in SnSe which depends on the temperature is ~0.35 at ~850K, which 

is consistent with the result of this study. The microstructures and 

TE properties of three samples (SnSe, SnSe0.9Te0.1 and SnSe0.7Te0.3) 

with Te content smaller than the solubility limit, were observed and 

measured, respectively, in this study. 
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Figure 6-3. (a) Theta-2theta XRD patterns of the polycrystalline 

SnSe1-xTex (x= 0, 0.1, 0.3, 0.5, 0.8 and 1) and (b) featured 2θ 

profiles on expanded scale. 
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Table 6-2. The cell parameters of the polycrystalline SnSe1-xTex 

(x= 0, 0.1, 0.3, 0.5, 0.8 and 1) obtained by Rietveld refinement 

method using TOPAS software. 

Sample Composition a(Å ) b(Å ) c(Å ) α=β=γ 

1 SnSe 11.495  4.152  4.442  90 

2 Sn(Se0.9Te0.1) 11.542  4.183  4.458  90 

3 Sn(Se0.7Te0.3) 11.659  4.227  4.483  90 

4 Sn(Se0.5Te0.5) 

11.703  4.251  4.489  90 

6.243  6.243  6.243  90 

5 Sn(Se0.2Te0.8) 6.261  6.261  6.261  90 

6 SnTe 6.315  6.315  6.315  90 
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6.3.2 Microstructure and Chemical Composition of 

SnSe-SnTe Solid Solutions 

Figure 6-4 (a), (b) and (c) show the FE-SEM micrographs taken 

from the fracture surface of the polycrystalline SnSe1-xTex (x= 0, 

0.1 and 0.3) samples, respectively. All the sintered SnSe1-xTex 

samples exhibit dense microstructure and plate-like grains. As the 

amount of Te is increased, no significant microstructural changes are 

observed. The relative densities of all samples measured by the 

Archimedes method were ~ 95%, and it can be expected that the 

effect of density on the TE properties of the SnSe1-xTex samples can 

be negligible. In order to determine the distribution of elements, EDS 

mapping was performed on the polished surface of the polycrystalline 

SnSe1-xTex (x= 0, 0.1 and 0.3), and the results are shown in Figure 

6-5. EDS elemental mapping results show that the distributions of 

the element Sn, Se and Te are uniform. The atomic ratios and 

chemical compositions of all samples were determined by electron 

probe microanalysis (EPMA), and the result are shown in Table 6-

1. The Sn/Se/Te atomic ratios of SnSe, SnSe0.9Te0.1 and SnSe0.7Te0.3 

are 49.9/50.1/0, 50.1/45.2/4.7 and 50.2/35.3/14.5, respectively, 

which indicates that the analyzed chemical compositions of all 

samples are close to the nominal ones.  
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Figure 6-4. FE-SEM micrographs taken from the fracture surface of 

the polycrystalline (a) SnSe, (b) SnSe0.9Te0.1 and (c) SnSe0.7Te0.3. 

The surfaces of the samples were not polished. 
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Figure 6-5. Electron probe microanalyzer (EPMA) images of (a) 

SnSe, (b) SnSe0.9Te0.1 and (c) SnSe0.7Te0.3. Images with (Sn), (Se) 

and (Te) show the distribution of the elements Sn, Se and Te, 

respectively. 
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6.3.3 Electrical conductivity and Seebeck coefficient of 

SnSe-SnTe solid solutions 

Figure 6-6 (a) shows the temperature-dependency of electrical 

conductivity (σ) of the polycrystalline SnSe1-xTex (x= 0, 0.1 and 

0.3). All the curves have the same trend of change: σ is increased 

with temperature first, decreased from 473K to 700K, and then 

rapidly increased over 790K again thereafter, which is consistent 

with the results of previous reports [9, 33-35]. Sassi et al. [33] and 

Zhang et al. [34] reported a reduction of σ around 505 K due to the 

melting of a very small amount of unreacted Sn. And Feng et al. [35] 

and Fu et al. [9] reported that an increase of σ at about 623K can 

be attributed to the thermal activation of minority carriers and a rapid 

increase of σ at 750 ~ 800K is due the phase transition of SnSe 

from Pnma to Cmcm. Zhao et al. [30] reported an anomalous jump in 

the heat capacity come from the phase transition. The heat capacity 

of SnSe measured by differential scanning calorimetry (DSC) (see 

the figure 6-7) showed that the phase transition may occur at around 

790K. As the amount of Te is increased, the σ values are increased, 

and SnSe0.7Te0.3 has higher electrical conductivity than the other two 

at all the measurement temperatures. To understand the variations 

in electrical conductivity with increasing Te contents, the carrier 
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concentration (n) and carrier mobility (μ) of all samples were 

measured at room temperature, and the results are shown in Table 

6-3. The n values of all the samples are positive, which indicates 

that hole is the major carrier and SnSe1-xTex is a p-type 

semiconductor. As the Te contents are increased, n is increased from 

3.2 x 1018 to 1.3 x 1019, while μ is decreased from 10.5 to 5.1 cm-

2 V-1 s-1, which means that the improvement in the electrical 

conductivity can be attributed to the increase of carrier concentration.  

Figure 6-6 (b) shows the temperature-dependency of Seebeck 

coefficients (S) of the polycrystalline SnSe1-xTex (x= 0, 0.1 and 0.3). 

The change of S values with the increase of temperature in all 

samples shows the same behavior: S was increased from room 

temperature to 550K, and then decreased as temperature is further 

increased. The slight decrease in S value in the temperature range of 

550~673K is known to result from the bipolar conduction by the 

excitation of the minor carrier [35]. The sharp decrease in S values 

from 790K is known as the result of the increase of carrier 

concentration by the phase transition of SnSe from Pnma to Cmcm 

[36]. Unlike the electrical conductivity, the S values of the samples 

are decreased with the increase of amount of Te. Generally, S values 

are determined by Pisarenko relationship [37], which indicates that 

S value is inversely proportional to the carrier concentration. As 
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shown in Table 6-3, the carrier concentration was increased with 

the increase of Te content, which can lead to the decrease of Seebeck 

coefficient. Therefore, the change in the electrical conductivity and 

the Seebeck coefficient can be influenced by the increase in carrier 

concentration. Figure 6-8 shows the power factor (PF=S2σ) of the 

polycrystalline SnSe1-xTex obtained at different temperatures. The 

SnSe0.7Te0.3 sample shows a relatively high PF compared to the SnSe 

at all measurement temperatures, and the PF of SnSe0.7Te0.3 was 

~1.02 x10-4 W m-1 K-1 at 300K and ~3.42 x10-4 W m-1 K-1 at 823K 

(this was the highest PF obtained in this study), which can mainly 

come from the improved electrical conductivity. 
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Table 6-3. Charge transport properties of polycrystalline SnSe1-

xTex (x= 0, 0.1 and 0.3). The carrier concentration (n), carrier 

mobility (μ) and electrical conductivity (σ) were measured at room 

temperature. 

Samples 

Hall carrier 

concentration 

[n, cm-3] 

Carrier mobility 

[μ, cm-2 V-1 s-1] 

Conductivity 

[σ, S cm-1] 

SnSe 3.16 x 1018 10.46 5.59 

SnSe0.9Te0.1 8.38 x 1018 6.56 9.30 

SnSe0.7Te0.3 1.31 x 1019 5.09 11.29 
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Figure 6-6. The temperature-dependency of (a) electrical 

conductivity (σ) and (b) Seebeck coefficient (S) of the 

polycrystalline SnSe1-xTex (x= 0, 0.1 and 0.3). 
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Figure 6-7. Heat capacity of SnSe measured by differential 

scanning calorimetry (DSC). 

 

 

 



138 

 

 

 

 

 

 

Figure 6-8. The power factor (PF) of the polycrystalline SnSe1-xTex 

(x= 0, 0.1 and 0.3) obtained at different temperatures. 
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6.3.4 Measurement of Bandgap and Calculation of Band 

structure of SnSe-SnTe solid solutions 

The carrier concentration is closely related to the band gap energy, 

and its relation is given below [38].    

n𝑖 = 𝐶𝑇
3
2 exp (

−𝐸𝑔

2𝐾𝐵𝑇
)                  (6.1) 

Where ni, C, T, kB, and Eg are the carrier concentration, a constant, 

the absolute temperature, the Boltzmann constant, and the band gap 

energy, respectively. The carrier concentration of a material is 

inversely proportional to the band gap energy, which means that a 

reduction of the band gap can lead to the increase in carrier 

concentration. To investigate the band gaps of SnSe1-xTex (x= 0, 0.1 

and 0.3) solid solutions, the band gap of each sample was determined 

from its absorption coefficient (α) obtained by UV-Vis-NIR 

spectroscopy. The relation between band gap energy (Eg) and the 

absorption coefficient (α) for indirect band transition can be 

established by the Tauc’s relation given below [39]. 

(αhν)1/2 = 𝐴(ℎ𝜈 − 𝐸𝑔)                  (6.2) 

where A, h and ν are a constant, the Planck’s constant and the 

frequency of radiation, respectively. Figure 6-9 shows (αhv)2 vs. (h

ν) plots of the polycrystalline SnSe1-xTex (x= 0, 0.1 and 0.3). The 
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optical band gap of each sample was obtained from the extrapolation 

of the linear region of the plot to the hν axis, and the results are 

shown in the inset of Figure 6-9. The obtained band gap of SnSe was 

0.88 eV, and it is in good agreement with the result of optical 

absorption measurement (0.90 eV) reported by Shi et al [40]. The 

band gaps of SnSe0.9Te0.1 and SnSe0.7Te0.3 were 0.76 and 0.64 eV, 

respectively, which indicates that the band gaps of SnSe1-xTex are 

decreased with increasing Te contents, which is consistent with the 

results reported by Wei et al [21]. To further understand the 

decrease in band gap, density of states (DOS) and band structures of 

SnSe1-xTex were obtained using DFT calculation. The bandgaps 

measured using UV-VIS-NIR spectrum and those calculated by DFT 

were compared. 

Figure 6-10 (a), (b) and (c) show the electronic band structures 

of the polycrystalline SnSe1-xTex (x= 0, 0.125, and 0.25), 

respectively. The band structures were obtained by the first principle 

calculations using the VASP based on the DFT. The first and the 

second conduction band maximum (CBM1 and CBM2) are shown in 

the Γ-F and Z-Γ directions, respectively, and the first and second 

valence band minimum (VBM1 and VBM2) are shown in the Z-Γ and 

Γ-F directions, respectively, which means that the SnSe1-xTex have 

indirect band gap. The calculated band gap of SnSe was 0.68 eV, and 
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it is different from the measured band gap of SnSe, which was 0.88 

eV (Figure 6-9). Chen et al. [26] and Su et al. [41] reported that 

the difference between measured and calculated bandgap can be 

caused by a well-known drawback from standard DFT calculation. 

The measurement and the calculation of the band gap energy show 

that the band gaps of the SnSe1-xTex are increased with the increase 

of Te content.  

Figure 6-11 (a) – (c) shows the projected density of states of 

SnSe1-xTex. For SnSe, the valence band maximum (VBM) is mainly 

contributed by Se-p orbital, while conduction band minimum (CBM) 

is occupied by Sn-p orbital. With increasing Te contents, VBM is 

mainly contributed by Sn-s and Te-p orbital hybridization in the VB, 

while the major part of the CBM is occupied by Sn-p orbital. The 

Sn-p orbital was shifted toward the Fermi level (EF), leading to the 

CBM down to the Fermi level (EF). This resulted in a band gap 

reduction, which is consistent with the result reported by Chen et al 

[26]. They reported that the interaction between Sn and Te orbitals 

can move the CBM towards the Fermi level (EF) and consequently 

reduce the band gap. Therefore, the increase of electrical 

conductivity and the decrease of the Seebeck coefficient in this study 

are mainly caused by the increase of carrier concentration due to the 

band gap reduction. 
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Figure 6-9. (αhv)1/2 versus (hν) plots of the polycrystalline SnSe1-

xTex (x= 0, 0.1 and 0.3) obtained by UV-Vis-NIR spectrum. The 

inset shows the optical band gap versus Te content. The band gap 

value for each sample was obtained by extrapolating these plots to 

the x-axis. 
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Figure 6-10. Electronic band structures of the polycrystalline (a) 

SnSe, (b) SnSe0.725Te0.125 and (c) SnSe0.75Te0.25, respectively. 
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Figure 6-11. The projected density of states per atom of (a) SnSe, 

(b) SnSe0.725Te0.125 
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6.3.5 Thermal Conductivity and ZT of SnSe-SnTe 

Solid Solutions 

Figure 6-12 (a) shows the temperature-dependency of total 

thermal conductivities (ktot) of the polycrystalline SnSe1-xTex. All 

samples show the same behavior with temperature: ktot is generally 

decreased up to 790K, and then slightly increased. The increase in 

ktot is known as the result of the phase transition of the SnSe from 

Pnma to Cmcm [42]. ktot of SnSe0.7Te0.3 is lower than that of SnSe at 

all measurement temperatures. ktot is expressed as the sum of 

electronic thermal conductivity (ke) and lattice thermal conductivity 

(klatt). In order to better understand the low ktot of SnSe0.3Te0.7, the 

ktot of all samples were separated into ke and klatt, and the results are 

shown in Figure 6-12 (b). The ktot and klatt of SnSe at 300K are 0.75 

and 0.74 W m-1 K-1, respectively, which indicates that the ktot comes 

mainly from the klatt. The klatt of the samples were decreased with the 

increase of Te content. The atomic mass of Se and Te are 78.96 g 

mol-1 and 127.6 g mol-1, and the atomic radius of them are 0.19 nm 

and 0.21 nm, respectively. The atomic mass and size difference 

between Se and Te can cause the fluctuation of mass and strain field, 

which can lead to the increase in the phonon scattering at point 

defects [21]. And so, the decrease in klatt with the increase of Te 
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content can come from the increased amount of phonon scattering. 

The klatt can be explained in terms of Umklapp scattering which is 

used for defect-free crystalline materials [43]. The polycrystalline 

SnSe, however, can have a lot of defects due to Te substitution, and 

so the phonon scattering by point defects is used to explain the 

decrease in klatt with the increase of Te content in this study.  

Figure 6-13 shows the figure of merits (ZT) of the 

polycrystalline SnSe1-xTex, which were obtained from the electrical 

conductivity, Seebeck coefficient and thermal conductivity measured 

at different temperatures. The ZT value of SnSe0.7Te0.3 is higher than 

that of SnSe at all measurement temperatures. The highest ZT 

obtained in this study was ~0.78 at 823K of SnSe0.7Te0.3, which can 

be attributed to the improvement of electrical conductivity and the 

reduction of lattice thermal conductivity. 
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Figure 6-12. The temperature-dependency of (a) total thermal 

conductivity (ktot), (b) electronic thermal conductivity (ke) and the 

lattice thermal conductivity (klatt) of the polycrystalline SnSe1-xTex. 

(hollow shapes - ke, filled shapes - klatt). 
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Figure 6-13. The figure of merits (ZT) of the polycrystalline 

SnSe1-xTex measured at different temperatures. 
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6.4 Summary 

In this study, the thermoelectric (TE) properties of polycrystalline 

SnSe1-xTex solid solutions were investigated. SnSe-SnTe solid 

solutions were prepared by mechanical alloying and spark plasma 

sintering. XRD and EPMA analyses showed that the solubility limit of 

Te in SnSe1-xTex is somewhere between x = 0.3 and 0.5. Hall 

measurement showed that carrier concetration was increased with 

the increase of Te contents. The measurements of band gap using 

UV-VIS-NIR spectrum and calculation of band gap from DFT 

showed that the band gap was decreased as the amount of Te was 

increased, which can lead to the increase of carrier concentration. 

The increase in electrical conductivity and the reduction of Seebeck 

coefficeint of SnSe1-xTex were observed, which can result from the 

increase of carrier concentration. The thermal conductivity was 

decreased with increasing Te contents. Te has a larger atomic mass 

and size than Se, and the presence of Te at Se site can act as an 

effective point defect, which can increase phonon scattering and 

reduce lattice thermal conductivity. A ZT of ~0.78 was obtained at 

823K from the SnSe0.7Te0.3, which was ~11% higher than that of 

SnSe. This study shows that polycrystalline SnSe1-xTex can have 

improved TE properties compared to SnSe which can be attributed 

to the increase in electrical conductivity and the decrease in the 

lattice thermal conductivity. 
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Chapter 7 Effect of CNT Addition on the 

Thermoelectric Properties of SnSe0.7Te0.3Se/CNT 

Composites. 

7.1 Introduction 

Thermoelectric (TE) devices which can convert temperature 

differences to electrical voltage and vice versa, have attracted a lot 

of attention for their application in many fields which include active 

cooling of electronic components and waste heat recovery. The 

cooling and the generation of electricity using TE materials have 

multiple significant advantages over the technology which they are 

expected to replace, such as the absence of moving parts, no 

emission of green house and hazardous gases, and low maintenance. 

[1-3] The performance of a TE material is represented by the figure 

of merit (ZT), ZT = (S2σ/k)T, where S, σ, k, and T are Seebeck 

coefficient, electrical conductivity, thermal conductivity, and absolute 

temperature, respectively. [4]. SnSe compounds consisting of earth-

abundant, less expensive and low-toxic elements are considered as 

one of the most promising thermoelectric materials in the medium 

temperature range because its single crystal possesses the highest 

ZT of 2.62 along the crystallographic b-axis at 923 K [5]. However, 
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the application of single crystal is limited due to the high production 

cost and poor mechanical properties. So, many studies have been 

conducted to obtain polycrystalline SnSe having a high ZT value. We 

already reported that when Te is doped into the SnSe, the electrical 

conductivity by was increased due to the increase of carrier 

concentration, while the lattice thermal conductivity was suppressed 

by the increased amount of phonon scattering, which result in a ZT 

of ~ 0.78 at 823K from SnSe0.7Te0.3, which is ~11% improvement 

compared to that of the SnSe. It, however, is still much lower than 

that of single crystal.  

One possible way to improve the TE performance is to make 

polycrystalline SnSe-based nanocomposite. Various secondary 

phases such as SnTe [6] SnS [7] MoSe2 [8] PbSe [9] Carbon 

nanotube [10] Carbon black (CB) [11] were used to enhance 

thermoelectric performance of polycrystalline SnSe. Recently, CNT 

has been considered as a better candidate because of its low 

dimensions and high electrical conductivity which may also enhance 

the mechanical strength of the TE material [12]. The improvement 

of TE property in TE material such as Bi2Te3 [13], oxide-based [14] 

and organic TE materials [15] by adding CNT as a secondary phase. 

Kim et al [13] and Ren et al. [12] showed reported CNT addition can 

lead to both reductions of electrical conductivity and thermal 



159 

 

conductivity of in the BiTe-based TE material. On the other hands, 

Dreßler et al. [16] and Khasimsaheb et al. [17] showed that 

dispersed CNT can lead the increase in electrical conductivity and 

decrease in thermal conductivity of Al-doped ZnO and PbTe, 

respectively. Chu et al. [10] and showed that the dispersion of CNTs 

reduces the thermal conductivity without significant deterioration on 

the electrical conductivity, and a ZT of 0.96 was obtained at 773 K 

along the direction perpendicular to the sintering pressing. Thus, the 

precise role of CNT addition on the TE properties is still not fully 

understood, and a detailed study of the TE transport properties of 

SnSe/CNT composite is needed. In this study, the effect of CNT 

addition on the TE property SnSe0.7Te0.3/CNT were investigated. Our 

expectation is that when CNTs are well dispersed at the grain 

boundaries between SnSe0.7Te0.3, the electrical conductivity can be 

enhanced by formation of the electrical network of CNTs while the 

thermal conductivity can be suppressed by enhanced phonon 

scattering at CNT/matrix interfaces.  
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7.2 Experimental Procedure  

7.2.1 Fabrication of Bulk SnSe0.7Te0.3/CNT Composites  

Figure 7-1 shows the experimental procedure. Sn (99.99%, Sigma 

Aldrich), Se (99.99%, Sigma Aldrich) and Te (99.99%, Kunjundo 

Chemicals) powders were used to synthesize the polycrystalline 

SnSe-SnTe solid solutions. High purity single elements of Sn, Se and 

Te were weighed according to the stoichiometry of SnSe0.7Te0.3, 

loaded into a steel crucible (100 mL) at a ratio of 5:1 with steel balls 

of different diameters (3mm and 1mm) in an Ar filled glove box and 

then subjected to mechanical alloying (MA). ~35% of the crucible 

was filled with the powder mixture and balls. The polycrystalline 

SnSe0.7Te0.3 powders were synthesized by MA at 250 rpm for 4 h, 

which was confirmed by XRD. 0, 0.3, 0.6 and 1 wt% of Multi-wall 

carbon nanotubes (MWCNTs, 95%, CNT Co., Ltd.) were mixed with 

SnSe0.7Te0.3 powders in ethanol. The solution was ultra-sonicated 

and stirred for 24h. The solution was dried in oven and then the 

powders were obtained. The dried powders were ground in an 

alumina mortar and sieved through a 140-mesh stainless steel mesh, 

loaded into a 12.5 mm-diameter graphite mold and was spark plasma 

sintered in vacuum (~ 2 x 10-3 Torr) at 850K for 10min under uni-

axial pressure of 60 MPa.  
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7.2.2 Characterization  

The qualitative phase analyses of the disk-shaped sintered 

samples were carried out using X-ray diffraction (XRD, D-8 

Advanced, Bruker) with Cu Kα radiation. The microstructures of 

fracture surface of the sintered samples were observed using a field 

emission scanning electron microscope (FE-SEM, SU-70, JEOL), 

and the elemental distribution analyses were conducted on the 

polished surface of bulk samples using an energy-dispersive X-ray 

spectroscopy (EDS). Raman spectrum analyses of SnSe0.7Te0.3, CNT, 

SnSe0.7Te0.3/CNT composite samples were conducted in order to 

confirm whether CNTs are present without any other reactions. The 

dish-shaped sintered samples were cut into bars with dimensions of 

1.5 x 1.5 x 7 mm3. The bar-shaped samples were used for 

simultaneous measurement of Seebeck coefficient and electrical 

conductivity using a commercial measurement equipment (Seepel 

Corp) under an Ar atmosphere from room temperature to 850 K. 

Carrier concentrations of the SnSe samples were obtained using a 

Hall measurement system (HMS 3000, Ecopia) at room temperature. 

The total thermal conductivity (ktot) can be expressed as the sum of 

electronic thermal conductivity (ke) and lattice thermal conductivity 
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(klatt). The ktot was calculated by multiplying the specific heat (Cp), 

thermal diffusivity (D) and density (ρ). The Cp, D and ρ values 

were measured using the differential scanning calorimetry (DSC, 

Netzsch), the laser flash method (LFA457, Netzsch), and the 

Archimedes method, respectively. The ke was obtained using the 

Wiedemann–Franz law, ke = LσT, where L, σ and T are Lorenz 

number, electrical conductivity and absolute temperature, 

respectively. The Lorenz number L which was obtained 

from fitting the Seebeck coefficient to the reduced chemical 

potential was used to obtain ke [18]. The klatt was obtained by 

subtracting the ke from the ktot. The TE properties of all samples were 

measured perpendicular to the direction of the pressure applied 

during the SPS. 
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Figure 7-1. An experimental procedure. 
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7.3 Results and Discussion 

7.3.1 Phase Analysis of Bulk SnSe0.7Te0.3/CNT 

Composites  

Figure 7-2 shows the XRD patterns of the sintered 

SnSe0.7Te0.3/CNT composites (0, 0.3, 0.6 and 1 wt % CNT) prepared 

using MA and spark plasma sintering. The XRD pattern shows that all 

the peaks shifted towards low 2θ values based on the XRD pattern 

position of orthorhombic SnSe orthorhombic SnSe (PDF #00-048-

1224), which indicates that the incorporation of Te induces lattice 

expansion due the fact that Te has a larger atomic radius (0.21 nm) 

than Se (0.19 nm), which is consistent with the results in Chapter 6. 

However, presence of CNT-related peaks peaks intensity associated 

with CNTs were not observed in all samples. It is because that the 

small amount of CNT below the detection limit of XRD can lead to the 

absence of corresponding peak(s) in the XRD patterns.  

Figure 7-3 shows the Raman spectrum of SnSe0.7Te0.3, CNT and 

of SnSe0.7Te0.3 with 1 wt % CNT. The Raman spectrum of SnSe0.7Te0.3 

were recorded in the range of 50~150 cm-1
 and that of pure CNTs 

shows a typical disorder-induced D-band at 1343 cm−1, and a G-

band at 1576 cm−1 indicating the presence of multi-walled CNTs. 
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When 1 wt % CNT is added to SnSe0.7Te0.3, the Raman shift related 

to CNT were not changed which means that CNTs are present 

without any other reaction.  
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Figure 7-2. Theta-2theta XRD patterns of the polycrystalline 

SnSe0.7Te0.3/CNT (0, 0.3, 0.6 and 1 wt % CNT). 
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Figure 7-3. Raman spectrums of SnSe0.7Te0.3, CNT and 

SnSe0.7Te0.3/CNT (1 wt % CNT). 

. 
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7.3.2 Microstructure of SnSe0.7Te0.3/CNT Composites 

Figure 7-4 (a) show the schematic of microstructure and (b), (c) 

and (d) show FE-SEM micrographs taken from the fracture surface 

of polycrystalline SnSe0.7Te0.3/CNT composites (0.3, 0.6 and 1 wt % 

CNT). samples, respectively.  

It was observed that the CNTs were well dispersed in all samples, 

and most of the samples added with 0.3 wt % CNT were present at 

the SnSe0.7Te0.3 interface. It was confirmed that the most CNTs were 

homogeneously distributed along the grain boundaries of 

SnSe0.7Te0.3. When more than 0.6 wt% CNT was added, the CNTs 

were connected to each other to form a network, resulting in the 

creation of a number of new interfaces, which is consistent with the 

results of previous reports [10, 12, 13, 19]. The CNTs present in 

the SnSe0.7Te0.3 interface were identified by EDS mapping, and the 

results are shown in Figure 7-5. 

 

 

 

 



169 

 

 

 

 

Figure 7-4. FE-SEM micrographs taken from the fracture surface of 

the polycrystalline SnSe0.7Te0.3 with addition of (a) 0.3 wt %, (b) 0.6 

wt % and (c) 1.0 wt % CNTs. 

 

 

 

 

 



170 

 

 

 

 

Figure 7-5. EDS mapping was performed on the polished surface of 

the polycrystalline SnSe0.7Te0.3/CNT composites (1wt % CNT).  

 

 

 

7.3.3 Electrical Conductivity and Seebeck Coefficient of 
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SnSe0.7Te0.3/CNT Composites 

As shown in figure 7-4 and 7-5, Presences of CNTs dispersed 

along the interface of the matrix and Interfaces created by the 

connection of CNTs, and it can affect the TE properties. To 

understand the variations in charge transport properties with 

increasing CNT contents, the carrier concentration (n) and carrier 

mobility (μ) of all samples were measured at room temperature, and 

the results are shown in figure 7-6. The n values of all the samples 

are positive, which indicates that hole is the major carrier and all 

sample are the p-type semiconductor. As the CNT contents are 

increased, n is increased from 1.2 x 1018 to 6.5 x 1019, while μ is 

decreased from 5.6 to 2.4 cm-2 V-1 s-1.  

Figure 7-7 (a) shows the temperature-dependency of electrical 

conductivity (σ) of the polycrystalline SnSe0.7Te0.3/CNT composites 

(0, 0.3, 0.6 and 1 wt % CNT). With increasing CNT contents, the 

electrical conductivity was increased, which can be explained with 

the microstructure and change of carrier concentration (n) and 

mobility (μ). The movement of hole carriers is disturbed at newly 

generated grain boundaries, which result in the reduction of μ. The 

increase in n can be explained by the difference between the intrinsic 

hole concentration of CNT and SnSe0.7Te0.3. The carrier 
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concentration of SnSe0.7Te0.3 and CNT are ~10~20 cm-3 and 

~1017~18cm-3, respectively. Therefore, high carrier concentration of 

CNT may the increase in the electrical conductivity with addition of 

CNT can be caused by high carrier concentration of CNT.  

Figure 7-7 (b) shows the temperature-dependency of Seebeck 

coefficient (S) of the polycrystalline SnSe0.7Te0.3/CNT composites (0, 

0.3, 0.6 and 1 wt % CNT). Unlike the electrical conductivity, the S 

values of the samples are decreased with the increase of amount of 

CNT. Generally, S values are determined by Pisarenko relationship 

[37], which indicates that S value is inversely proportional to the 

carrier concentration. As shown in Figure 7-3, the carrier 

concentration was increased with the increase of CNT content, which 

can lead to the decrease of Seebeck coefficient. Therefore, the 

change in the electrical conductivity and the Seebeck coefficient can 

be influenced by the increase in carrier concentration 
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Figure 7-6. Charge transport properties of polycrystalline 

SnSe0.7Te0.3/CNT (0, 0.3, 0.6 and 1 wt % CNT). The carrier 

concentration (n), carrier mobility (u) were measured at room 

temperature. 
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Figure 7-7. The temperature-dependency of (a) electrical 

conductivity (σ) and (b) Seebeck coefficient (S) of the 

polycrystalline SnSe0.7Te0.3/CNT (0, 0.3, 0.6 and 1 wt % CNT). 
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7.3.4 Thermal Conductivity and ZT of 

SnSe0.7Te0.3/CNT Composites 

Figure 7-8 (a) shows the temperature-dependency of total 

thermal conductivities (ktot) and of the polycrystalline 

SnSe0.7Te0.3/CNT composites and figure 7-8 (b) total conductivity at 

room temperature of polycrystalline SnSe0.7Te0.3/CNT composites. 

As the amount of CNT added increases, the change in the ktot is as 

follows; ktot decreased up to 0.3 wt %, and then increased again. ktot 

is expressed as the sum of electronic thermal conductivity (ke) and 

lattice thermal conductivity (klatt). In order to better understand the 

change of ktot with CNT addition, the ktot of all samples were separated 

into ke and klatt, and the results are shown in figure 7-9 (a) and (b). 

It was observed that the ktot comes mainly from the klatt. The ke of the 

samples were increased with the increase of CNT content, which is 

attributed to the increase in electrical conductivity. With increasing 

CNT contents, the klatt is initially decreased and then increased. The 

decrease in klatt with the increase of Te content can come from the 

increased amount of phonon scattering. When 0.3 wt % CNT was 

added, the klatt was decreased by phonon scattering at interface, 

which results in the decrease of ktot. which is consistent with the 

results reported by Kim et al. [13] and Ren et al [12]. The increase 
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in klatt with when 0.6 and 1 wt % CNT was added may be due to the 

high klatt of the CNT. Heng et al. [20] and Zhang et al. [21] reported 

the klatt of SnSe and MWCNT at room temperature, which were 

~0.63W/m∙K and ~3000 W/m∙K, respectively. Therefore, as the 

amount of CNT increases, the TE property of SnSe0.7Te0.3/CNT 

composites will depend on the those of CNT. 

Figure 7-10 shows the figure of merits (ZT) of the polycrystalline 

the polycrystalline SnSe0.7Te0.3/CNT composites, which were 

obtained from the electrical conductivity, Seebeck coefficient and 

thermal conductivity measured at different temperatures. The ZT 

value of SnSe0.7Te0.3 with 0.3 wt % CNT is higher than that of 

SnSe0.7Te0.3 and other SnSe0.7Te0.3/CNT composites at all 

measurement temperatures. The highest ZT obtained in this study 

was ~0.89 at 823K of SnSe0.7Te0.3 with 0.3 wt % CNT, which can be 

attributed to the improvement of electrical conductivity and the 

reduction of lattice thermal conductivity. 
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Figure 7-8. (a) The temperature-dependency of (a) total 

conductivity (ktot) of polycrystalline SnSe0.7Te0.3/CNT composites (0, 

0.3, 0.6 and 1 wt % CNT). (b) total conductivity at room temperature 

of polycrystalline SnSe0.7Te0.3/CNT composites. 
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Figure 7-9. The temperature-dependency of (a) lattice conductivity 

(klatt) and (b) electronic thermal conductivity of polycrystalline 

SnSe0.7Te0.3/CNT composites (0, 0.3, 0.6 and 1 wt % CNT). 
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Figure 7-10. The figure of merits (ZT) of the polycrystalline 

SnSe0.7Te0.3/CNT composites (0, 0.3, 0.6 and 1 wt % CNT) measured 

at different temperatures. 
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7.4 Summary 

In order to improve electrical conductivity and decrease the 

thermal conductivity of polycrystalline SnSe, the thermoelectric (TE) 

properties of SnSe0.7Te0.3/CNT composites (0, 0.3, 0.6 and 1 wt % 

CNT) were investigated. Our expectation is that when CNTs are well 

dispersed at the grain boundaries between SnSe0.7Te0.3, the electrical 

conductivity can be enhanced by formation of the electrical network 

of CNTs while the thermal conductivity can be suppressed by 

enhanced phonon scattering at SnSe0.7Te0.3/CNT interfaces. Most 

CNTs are dispersed along the grain boundaries of SnSe0.7Te0.3 and 

are connected to each other when the amount of CNT reaches 0.6 

wt %, thereby forming new interfaces, which can result in the 

decrease in hole carrier mobility. In spite of the reduced mobility, the 

electrical conductivity was increased due to the high intrinsic hole 

concentration of CNT. When 0.3 wt% CNT was added, the decrease 

in lattice thermal conductivity due to phonon scattering at the 

interface was observed, and when more CNT were added, the total 

thermal conductivity was improved due to the high thermal 

conductivity of CNT. A ZT of ~ 0.86 at 823K was obtained from 

SnSe0.7Te0.3 with 0.3 wt % CNT, which is the highest ZT value 

obtained in this study. 
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Chapter 8 Summary and Suggestions for Future work 

SnSe-based thermoelectric (TE) materials have captured much 

attention since single-crystal SnSe exhibited record high ZT. 

Despite the excellent TE properties, SnSe single crystal has 

problems of poor mechanical properties and costly/not-simple 

fabrication process. And so, many studies have been conducted to 

obtain polycrystalline SnSe having TE performance as high as that of 

a single crystal. The ZT values of polycrystalline SnSe, however, are 

still lower than that of single crystal SnSe mainly due to their 

relatively low electrical conductivity (σ) and high thermal 

conductivity (k).  

In this dissertation, the effect of microstructure and electronic 

structure on the thermoelectric properties of polycrystalline SnSe 

were investigated to obtain the high TE performances of 

polycrystalline SnSe. A summary of each main research topic and its 

results is as follow;  

1. The effects of sintering pressure on the electrical transport and 

thermoelectric properties of the polycrystalline SnSe. 

- Degree of texture was enhanced with increasing sintering 

pressure. 

- Electrical conductivity was enhanced with increasing sintering 

pressure 
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- Thermal conductivity were significantly increased with a 

pressure of 60MPa 

- A ZT of ~0.7 was obtained at 823K from the polycrystalline 

SnSe, which was sintered with a pressure of 60MPa, which can be 

attributed to large increase in electrical conductivity with very 

small increase of the thermal conductivity.  

2. Electrical Transport and Thermoelectric Properties of SnSe-

SnTe Solid Solution. 

- The solubility limit of Te in SnSe1-xTex is somewhere between 

x = 0.3 and 0.5. 

- Band gap is decreased with increasing Te contents, which 

reasults in the increase of hole carrier concentartion  

- Electrical conductivity were increased and Seebeck coefficient 

were decreased due to the increase of carrier concentration.  

- Presence of Te at Se site can act as an effective point defect, 

which can increase phonon scattering and reduce lattice thermal 

conductivity. 

- A ZT of ~0.78 was obtained at 823K from the SnSe0.7Te0.3, 

which was ~11% higher than that of SnSe. 

3. Effect of CNT addition on the thermoelectric properties of 

SnSe0.7Te0.3Se/CNT composites. 

- Most CNTs are dispersed along the grain boundaries of 
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SnSe0.7Te0.3 and are connected to each other when the amount of 

CNT reaches 0.6 wt %, thereby forming new interfaces.  

- With increasing CNT contents, the electrical/thermal 

conductivities were increased, which can be attributed to the higher 

intrinsic hole concentration of CNTs compared to SnSe0.7Te0.3.  

- When 0.3 wt % CNT was added, the lattice thermal conductivity 

was decreased by phonon scattering at interface, which results in the 

decrease of total thermal conductivity. 

-  A ZT of ~ 0.86 at 823K was obtained from SnSe0.7Te0.3 with 0.3 

wt % CNT, which is the highest ZT value obtained in this study.  

The results of ZT obtained in this study are compared with t hose 

reported in the literature those, and the result are shown in figure 8-

1. The TE performance efficiency of polycrystalline SnSe compounds 

remains still low for TE applications; therefore, the enhancement in 

the thermoelectric performance is still challenging. 

 From the literature review and the study presented here, some 

suggestions for the further study are as follows:  

1. Using both effects simultaneously to improve TE performance 

- Doping with texturing  

- Oriented nano-sized grains 

- Defect-induced Crystals 

2. Oxide Removal Process and Its effect on TE Properties on 
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Polycrystalline SnSe  

- SnO and SnO2 on the surface of SnSe particle 

- Ktot of SnO ~ 2 W m-1 K-1 at RT, Ktot of SnO2 ~ 98 W and ~55 m-

1 K-1 at along the c- and a-axes at RT 

- The presence of thin oxides is detrimental to electrical and 

thermal transport properties of intrinsic p-type SnSe 

- Removing SnO and SnO2 oxides on the surface of SnSe will 

effectively improve the TE properties of polycrystalline SnSe.  
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Figure 8-1. Comparison of the ZT values [1-15] 
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국문초록 

 

미세구조 및 전자구조가  

다결정 SnSe 열전 특성에 미치는 영향  

 

조준영 

공과대학 재료공학부 

서울대학교 

 

화석 연료 및 기존 에너지 자원들의 소비가 증가함에 따라 에너지 

자원의 고갈 및 환경 오염이 전 세계적인 문제로 대두되고 있으며, 

이를 해결하기 위해 새롭고, 친환경적이면서 재생 가능한 에너지 

자원에 대한 수요가 높아지고 있다. 열에너지를 전기에너지로 상호 

변환할 수 있는 열전 기술은 에너지 위기와 환경 문제를 해결 할 수 

있는 대안 중 하나로 주목받고 있다. 열전재료의 효율은 ZT= 

S2σT/k로 나타내어지며 제백 계수 (S), 전기전도도 (σ), 열전도도 

(k), 절대온도 (T), 로 구성된다. 높은 열전변환효율을 얻기 위해서, 

열전재료는 높은 전기전도도와 제벡 계수, 그리고 낮은 열전도도를 
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동시에 가져야 한다. 하지만, 변수들의 복잡한 상호관계로 인하여 ZT 

값을 최적화하는데 어려움이 있다. 예를 들어 캐리어 농도가 높을수록 

전기전도도 (σ)는 증가하는 반면, 제벡 계수 (S)는 감소한다. 또한, 

전기전도도의 저하 없이 열전도도만을 억제하는 것은 어렵다. 따라서 

높은 열전효율을 갖기 위해서는 전하 농도의 최적화가 필요하며, 

일반적으로 1019~1020 cm-3 의 캐리어 농도를 가질 때 열전 특성이 

우수하다고 알려져 있다.  

최근 독성이 없고 지구상에 풍부한 원소를 포함하는 SnSe는 

2014년에 단결정의 b 축 방향으로 ~ 2.6 (923K)의 높은 ZT값이 

보고되면서 실용화 가능성이 큰 열전재료로 주목을 받고 있다. 그러나, 

기계적 특성이 열악하고 생산 비용이 많이 들기 때문에 단결정 

SnSe를 소자에 사용하는 것은 어렵다. 이러한 이유로 SnSe에 대한 

연구는 고효율의 다결정 SnSe를 개발하는 데 집중하고 있다. 하지만, 

다결정 SnSe는 단결정 SnSe에 비해 상대적으로 낮은 전기전도도와 

높은 열전도도 때문에 ZT 값이 낮다. 따라서, 높은 열전 효율을 

가지는 다결정 SnSe를 얻기 위해서는 전기전도도를 증가시키고, 

열전도도를 감소시켜야 한다.  

본 연구에서는 미세구조 및 전자구조가 다결정 SnSe의 열전 특성에 

미치는 영향을 조사하였으며, 미세구조, 밴드구조, 계면구조를 

제어하여 다결정 SnSe의 전기전도도와 열전도도를 동시에 제어하여 

열전 효율을 향상시켰다. 
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먼저 다결정 SnSe의 전기전도도를 향상시키기 위해, 소결 압력이 

다결정 SnSe의 미세구조와 열전 특성에 미치는 영향에 관해 연구를 

진행하였다. 기계적 합금화 공정으로 다결정 SnSe 분말을 합성한 후, 

다양한 압력 조건 (30, 60, 90, 120MPa)에서 통전 활성 소결 (spark 

plasma sintering, SPS)하여 텍스처링 정도가 다양한 다결정 SnSe 

소결체를 제조하였다. 소결 압력이 30에서 120MPa로 증가함에 따라 

텍스쳐링 향상에 의해 홀 농도가 증가하였으며, 이로 인해 

전기전도도가 향상하는 거동을 보였다. 반면, 소결 압력이 증가함에 

따라 격자 열전도도의 증가로 인해 열전도도가 크게 증가하였으며, 

이는 입계에서의 포논 산란의 감소에 따른 영향으로 해석하였다. 60 

MPa의 압력으로 소결한 다결정 SnSe의 823K에서 ZT ~ 0.7 값을 

얻었으며, 이는 전기전도도의 큰 증가와 매우 적은 열전도도의 증가에 

따른 결과이다. 이 연구를 통해 SPS 동안 가해진 압력 조건을 변화 

시켜 텍스처의 정도를 제어함으로써 다결정 SnSe의 열전 특성이 향상 

될 수 있음을 보여주었다.  

다음으로 SnSe–SnTe 고용체의 전하 수송과 열전 특성 관련 연구를 

진행하였다. 기계적 합금화와 통전 활성 소결을 이용하여 SnSe1-xTex 

(x=0, 0.1, 0.3, 0.5, 0.8, 1) 소결체를 제조하였다. XRD 및 EPMA 

분석을 통해 SnSe1-xTex에서 Te의 고용 한도가 약 0.3~0.5 임을 

확인하였다. Te 함량이 증가함에 따라, 홀 농도 증가로 인해 

전기전도도가 향상되는 경향을 보였다. UV-VIS-NIR을 이용한 

밴드갭 에너지 측정 및 DFT 밴드 구조 계산 결과를 통해 밴드갭 감소 
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때문에 홀 농도가 증가할 수 있음을 확인하였다. 전체 열전도도는 Te 

함량이 증가함에 따라 감소하였고, 이는 격자 열전도도 감소에 따른 

것이다. Te은 Se보다 원자 질량 및 크기가 더 크고, Se site에서 Te의 

존재는 효과적인 점 결함으로 작용하여 포논 산란을 증가시켜 격자 

열전도도를 감소시킬 수 있다. SnSe0.7Te0.3으로부터 823K에서 ~ 

0.78의 ZT 값이 얻어졌으며, 이는 다결정 SnSe에 비해 ~ 11% 

증가한 결과이다.  

마지막으로, SnSe0.7Te0.3/CNT 복합체의 전하 전송과 열전 특성에 

미치는 영향에 대한 연구를 진행하였다. SnSe0.7Te0.3에 다양한 함량의 

CNT (0, 0.3, 0.6, 1 wt %)를 첨가하여 혼합한 후, 통전 활성 소결을 

이용하여 SnSe0.7Te0.3/CNT 복합체를 제조하였다. CNT는 대부분 

SnSe0.7Te0.3 입계를 따라 분산되어 있으며, CNT 함량이 증가함에 

따라 서로 연결되어 새로운 계면을 형성하며 홀 이동도가 감소하는 

것을 확인하였다. 전기전도도는 CNT 함량이 증가함에 따라 증가하는 

경향을 보였는데, 이는 SnSe0.7Te0.3에 비해 높은 CNT의 홀 농 때문에 

전기전도도가 증가한 것으로 해석하였다. 0.3 wt % CNT가 첨가된 경우 

계면에서의 포논 산란으로 격자 열전도도가 감소하며, 이는 전체 

열전도도를 감소시켰다. 하지만 0.6 및 1wt %의 CNT가 첨가된 경우 

CNT 고유의 높은 격자 열전도도로 인하여 전체 열전도도가 증가하는 

경향을 보였다. 따라서 0.3 wt % CNT가 첨가된 SnSe0.7Te0.3 로부터 

823K에서 ~ 0.86의 ZT 값이 얻어졌으며, 이는 본 연구에서 얻을 수 

있었던 가장 높은 ZT 값이다.  
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이러한 연구 결과를 통해 미세구조와 전자구조가 다결정 SnSe의 

열전 특성에 미치는 영향에 대해서 좀 더 깊은 이해를 할 수 있었으며, 

이 연구 결과는 앞으로 다결정 SnSe의 열전 특성을 향상시키고 특성을 

이해하는 데 크게 활용될 것으로 기대한다. 

핵심어: SnSe, 통전 활성 소결, 열전 특성, 미세 구조, 밴드 구조, 

텍스처링, 고용체, 복합체 
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