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Abstract 

Due to the urgency of our energy and environmental issues, a variety of cost-effective and 

pollution-free technologies have attracted considerable attention, among which thermoelectric 

technology has made enormous progress. Thermoelectric modules interconvert heat energy and 

electrical energy, work without mechanical movement, safe, low cost , and environmentally 

friendly green technology. The efficiency of these devices is still very low due to the limit of the  

thermoelectric figure of merit ZT of the material. In addition to the hundred years’ history of 

thermoelectric research, many efforts have been made to improve the efficiency of thermoelectric 

devices by improving the thermoelectric figure of merit ZT of materials.  Unfortunately, the strong 

coupling between material parameters that determine thermoelectric efficiency, namely the 

Seebeck coefficient S, electrical conductivity σ, and thermal conductivity κ, complicates the 

optimization of thermoelectric energy converters. To optimize these parameters for maximizing 

ZT, band engineering, complex crystal, nano-structures, nano-wire, nano-tube, superlattices 

approaches have been made aiming at the phonon glass electron crystal and phonon liquid electron 

crystal concepts. However, with persistent efforts, the number of thermoelectric materials has been 

dramatically increased over the last two decades. Layered chalcogenide (group VI: S, Se, Te) 

semiconductors have been more and more attention in a variety of energy applications, including 

solar cells, phase change memory, thermoelectric energy conversion. For applications in 

thermoelectric energy converters, layered chalcogenides have many advantages, for instance, 

reducing thermal conductivity with weak van der Waals bonding and heavy atomic weight, 

possessing a variety of structures, easily doped into p-type or n-type, and low operating costs. 

CuAgSe is a layered chalcogenide material that is also a robust candidate for the phonon liquid-
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like crystal concept with relatively high p-type and n-type 𝑍𝑇 values (0.95 and 0.70, respectively). 

The stoichiometric CuAgSe has always been reported to show n-type conduction, while the p-type 

conduction is only present in the non-stoichiometric CuAgSe. However, it is difficult to synthesize 

the non-stoichiometric p-type CuAgSe without secondary phases. In 2009, single-crystalline and 

polycrystalline In4Se3 materials were reported with a high ZT of 1.53 at 425 C and 1.4 at 460 C. 

The physical properties of indium selenides were primarily determined by their intrinsic structural 

characteristics such as their composition, phase, crystal structure, and structural imperfections. 

From a structural point of view, indium selenides belong to a complex system with different 

stoichiometric ratios such as In4Se3, In2Se3, InSe, In6Se7, and In3Se4. However, the thermoelectric 

properties of In2Se3 and InSe single crystal have not been thoroughly investigated at low 

temperatures. In this study, the thermoelectric transport properties of the single-phase undoped, 

and Ni-, Co-, and Zn-doped poly-crystalline CuAgSe and the single-crystalline α-In2Se3 and β-

InSe, which were grown by using the temperature gradient technique, were carried out. The carrier 

control in CuAgSe by growth process or doping was achieved. The maximum ZT value of 0.69 

(0.56) at 623 K (673 K) in undoped n-type (p-type) CuAgSe was obtained. Zn is a promising 

dopant for n-type CuAgSe with a ZT value of 0.68 at 623 K. Additionally, the huge anisotropy 

during transport of α-In2Se3 single crystals were observed due to the anisotropic activation energy 

and anisotropic mobility between two directions. The β-InSe single-crystal exhibited an un-

stability characteristic, which can be modified by thermal energy and potential energy.  
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Chapter 1. Introduction 

1.1 Description of the research 

Recently, CuAgSe has created a sensation as an excellent thermoelectric material in the 

medium temperature range as both n-type and p-type thermoelectric materials. Qiu et al.[1] 

have reported that the thermal conductivity was reduced due to the doping Te into Se-sites, and 

a maximum 𝑍𝑇 value of 0.7 at 450 K of n-type CuAgSe0.95Te0.05 was obtained. Hong’s group[2] 

has reported on the thermoelectric properties of p-type CuAgSe with 𝑍𝑇 = 0.95 at 623 K. 

Producing both n-type and p-type conduction in the same semiconductor material is ideal for 

thermoelectric applications due to their similar thermal and mechanical properties, such as 

melting point, thermal expansion coefficient, etc.,. The stoichiometric CuAgSe has always 

been reported to show n-type conduction, while the p-type conduction is only present in the 

non-stoichiometric CuAgSe. However, it is difficult to synthesize the non-stoichiometric p-

type CuAgSe without secondary phases. To the best of my knowledge, there have been no 

reports focusing on the control of the carrier type in CuAgSe.  

In this study, a simple and effective way to control the carrier type of single-phase CuAgSe by 

adjusting the soaking time during growth has been reported. The samples changed from the 

native n-type characteristic into the non-stoichiometric p-type characteristic with increasing 

soaking time. On the other hand, it has been found that the n-type characteristic could be 

preserved with enhanced 𝑍𝑇  values in Ni-, Co-, and Zn-doped CuAgSe samples. The 

maximum thermoelectric figure of merit, 𝑍𝑇 value of 0.69 (0.56) at 623 K (673 K) in undoped 

n-type (p-type) CuAgSe were obtained. Zn is a promising dopant for n-type CuAgSe as it 

enhances the 𝑍𝑇 value. 
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Single crystalline α-In2Se3 possesses a layered structure with tetrahedral covalent bonding 

between In and Se of Se-In-Se-In-Se, whereas the bonding between two adjacent layers is the 

weak Van der Waals type[3,4]. Therefore, α-In2Se3 usually presents highly anisotropic 

structural, electrical, optical, and mechanical properties[5–7]. Recently, many defects in In2Se3 

crystals[8] and their effect on anisotropic charge transport properties have been reported. The 

anisotropic conductivity in Mn, Cd, I, and Cu-doped In2Se3 has also been observed by 

Kaminskii et al.[7,9] and Zaslokin et al.[6]. The electrical conductivity along layers is much 

larger than across layers. The anisotropy in temperature-dependent conductivity has been used 

to evaluate the energy barrier height between the layers in the crystal. In layer-structured In2Se3 

nanowires, Peng et al.[4] observed a large anisotropy of electrical conductivity up to 103 – 106 

at room temperature. Nevertheless, the anisotropic ratio about the electrical resistivity of the α-

In2Se3 bulk single crystals was not high, and the anisotropic Seebeck coefficient has not been 

thoroughly investigated. To the best of our knowledge, there have been no reports focusing on 

the control of the carrier type in CuAgSe.  

In this thesis, the growth of In2Se3 single crystals by the temperature gradient method is 

presented. The crystal structure, optical properties, and anisotropic transport properties of 

single-crystalline α-In2Se3 were experimentally investigated. A robust electrical resistivity and 

Seebeck coefficient dependence about crystallographic directions was concluded to be 

observed.  

InSe is a new promising platform for developing high-speed electronic devices due to its small 

effective mass (m* = 0.14m0), high electron mobility (exceeds 103 cm2 V-1 s-1
 and 104 cm2 V-1 

s-1 at room and liquid-helium temperatures, respectively)[10], flexibility, and ambient  

stability[11]. Recently, InSe has been reported with outstanding efficiency optoelectronic 

devices[12,13]. InSe-based photodetectors have been reported as the most efficient among 2D 
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materials[14]. So far, β-InSe has been known as the most stable phase of InSe. The ambient  

stability of InSe-based FETs has been demonstrated. The FET with uncapped InSe active 

channel exhibits a p-type transport due to environmental doping (H2O) at defects sites, while 

FET with hBN capped InSe active channel exhibit ambipolar transport[11]. However, more 

insightful investigations on this issue under different applied extreme conditions are needed to 

be revealed. On the other hand, β-InSe has attracted more and more attention in the 

thermoelectric (TE) field because of its layered crystal structure. Zhai et al.[15] have reported 

that the substitution of Sn into In sites can help to enhance the TE power factor and reduce the 

thermal conductivity of β-InSe, resulting in an improvement the value of the thermoelectric 

figure of merit, ZT, from 0.42 (undoped) to 0.66 (5% Sn doped) at 700 K. Haleoot’s group[16] 

have predicted that doping Bi into Se sites also helps to improve the TE performance of β-InSe 

with the maximum ZT value of 0.65 for β-InSe0.75Bi0.25 alloy at 800 K. However, among 

limited publications, focusing on TE properties of InSe, a study on low-temperature TE 

transport properties of single-crystalline β-InSe has not been reported, yet.  

This study provides more insight investigations from macroscopic to microscopic scale on InSe 

single-crystal stability, grown by using a temperature gradient technique. The temperature 

gradient technique provided excellent InSe ingot, which crystallized in the hexagonal β-InSe 

phase. Scanning tunneling microscopy (STM) studies demonstrated an un-stability 

characteristic of the β-InSe single crystal where defects and surface of InSe can be modified 

under an applied bias voltage and a change of temperature. This un-stability characteristic of 

InSe led to a discontinuity in its transport property.  
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Chapter 2. Background 

2.1 Physical phenomena of thermoelectricity 

The thermoelectric effect is the direct conversion of temperature differences to electric voltage 

and vice versa. When the side of a substance is exposed to a different temperature, a voltage 

difference is produced across the two sides of the materials, called thermal voltage. Conversely, 

when a voltage applies to its ends, a temperature difference is created. The thermoelectric effect 

consists of three distinct effects: the Seebeck effect, invented by Thomas Johann Seebeck – A 

baltic German physicist; the Peltier effect by Jean Charles Peltier – a French physicist; and the 

Thomson effect by Lord Kelvin (Irish-born William Thomson). 

The thermoelectric effect can use to generate electricity (thermoelectric generator), which 

directly convert heat to electricity, measure temperature (e.g., thermocouple), and change the 

temperature of objects (e.g., thermoelectric refrigerator). 

2.1.1 The Seebeck effect 

In 1821, a well-respected German physicist Thomas Johann Seebeck found that a compass 

needle would be deflected by a circuit formed by two different metals (copper and bismuth) 

joined in two places an applied temperature difference between the joints. A thermoelectric 

voltage is created at two joints, and a current is generated. This phenomenon is because of the 

difference in the number of electrons moved in the different metals. When an electrical current 

is created through the wires, it causes a magnetic field around the wires. Seebeck did not 

recognize the electric current’s existence at that time, so he called the phenomenon 

“thermomagnetic effect”. Afterward, a Danish physicist Hans Christian Ørsted regulated the 

omission and proposed the term “thermoelectricity”.  

https://en.wikipedia.org/wiki/Hans_Christian_%C3%98rsted
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The Seebeck effect represents the buildup of a potential difference ΔV across a semiconductor 

or conductor (metal) due to the diffusion of charge carriers along the temperature gradient ΔT 

= Thot − Tcold, in which one side of the material is heated or cooled. The charge carriers move 

from the hot end to the cold end, creating a gradient in the number of charge carriers, leading 

to generating the potential difference, at equilibrium, balanced by the resulting internal 

electrical field. The larger the temperature gradient, the more charge carriers moved to the 

cooler side, the higher the potential difference is created. The melting point of the material 

limits this potential difference. The Seebeck coefficient 𝑆 is the ratio of potential difference 

and temperature gradient between two ends; it is given by 

𝑆 =
∆𝑉

∆𝑇
 (2.1) 

where S is the Seebeck coefficient (or thermopower), ∆V is the thermal voltage, ∆T is the 

temperature difference between cold and hot ends. Depending on the type of majority carriers 

(i.e., holes or electrons), the potential difference (and hence the Seebeck coef ficient) can be 

positive or negative, i.e., S > 0 for p-type semiconductors and S < 0 for n-type semiconductors 

and metals (Fig. 2.1). Another definition of the Seebeck coefficient is the entropy per charge 

carrier related to the density of states (DOS). 
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The Seebeck coefficient generally varies as a function of temperature and depends strongly on 

the substance’s composition. The Seebeck coefficient is very low for metal at room temperature 

due to the high mobility of free electrons (only a few µV K -1) and much more extensive for 

semiconductors (from -100 to 1000 µV K-1). The Seebeck effect’s main application is 

thermoelectric generator, thermocouple (to measure a temperature difference), and to classify 

an unknown composition metal (if it is kept at a constant temperature and held in contact with 

a well-known metal and heated to probe temperature). 

2.1.2 The Peltier effect 

The Peltier effect is the reverse phenomenon of the Seebeck effect; the electrical current 

flowing through the junction connecting two materials will emit or absorb heat per unit time at 

the junction to balance the difference in the chemical potential of two materials.  

Similarly to the Seebeck coefficient, the Peltier coefficient Π𝐴𝐵  is defined as the coefficient of 

the thermal current 𝑄 to the electrical current 𝐼, given by 

𝑄 =  Π𝐴𝐵 𝐼 = (Π𝐴 − Π𝐵)𝐼    (2.2) 

The Peltier effect is superimposed by simultaneous Joule heating and Thomson heating or 

cooling so that the Peltier coefficient can be difficultly measured with accuracy. 

Fig. 2.1 Accumulation of charge carriers at the ends of p-type (up) and n-type (down) 

material. 
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Figure 2.2 shows a thermoelectric device using the Peltier effect (thermoelectric refrigerator). 

The device consists of a pair of n- and p-type semiconductors electrically connected in series 

and thermally connected in parallel. When a current I is applied from n- to p-type 

semiconductors, electrons in the n-type and holes in the p-type semiconductors move down; 

heat is dissipated at the bottom surface. As a result, the top surface is cooled. The heating and 

cooling surfaces are changed if we change the current direction. It is a part of the thermoelectric 

module, where many pairs are electrically connected in series and thermally connected in 

parallel. It is also the principle of a thermoelectric refrigerator. 

2.1.3 The Thomson effect 

The Seebeck and Peltier effects are different demonstrations of the same physical process, often 

referred to as the Peltier-Seebeck effect. The Thomson effect is an extension of the Peltier-

Seebeck model and is discovered by Lord Kelvin. 

Fig. 2.2 Schematic diagram of a simple thermoelectric refrigerator. 
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The effect has occurred when an electric current and a temperature gradient co-exist in a single 

homogeneous conductor, leading to the generation of reversible cooling or heating, as 

illustrated in Fig. 2.3. 

The Thomson effect can be described 

𝜏 =
𝑑𝑞 𝑑𝑥⁄

𝐼 𝑑𝑇 𝑑𝑥⁄
  (2.3) 

where 𝜏 is the Thomson factor, I is the current, 𝑑𝑞 𝑑𝑥⁄  is the rate of heating or cooling per unit 

length, 𝑑𝑇 𝑑𝑥⁄  is the temperature gradient. This equation, however, neglects Joule heating and 

ordinary thermal conductivity. 

Compared with the Seebeck and Peltier effects, the Thomson effect is often ignored in 

thermoelectric device design and energy conversion analysis. Nevertheless, when a large 

temperature gradient exists in actual thermoelectric devices, the Thomson effect cannot be 

neglected and should be carefully considered. 

Fig. 2.3 Schematic diagram of the Thomson effect. 
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2.1.4 Kelvin relation 

In 1954, Lord Kelvin found the relationships of these three effects using the first and second 

thermodynamics laws to a simple thermoelectric circuit, assuming it to be a reversible system.  

The first Kelvin relation is: 

𝜏𝑎𝑏 =  
𝑑𝜋𝑑𝑏

𝑑𝑇
− 𝑆𝑎𝑏   (2.4) 

where 𝜏𝑎𝑏 , 𝜋𝑑𝑏 , 𝑆𝑎𝑏  are the Thomson, Peltier, and Seebeck coefficients, respectively, 𝑇 is the 

absolute temperature. 

The second Kelvin relation is: 

𝜋𝑎𝑏 = 𝑇𝑆𝑎𝑏   (2.5) 

Using the second Kelvin relation, the first one can be written as 

𝜏𝑎𝑏 =  𝑇
𝑑𝑆𝑎𝑏

𝑑𝑇
  (2.6) 

Therefore, if one thermoelectric coefficient is completely known, the other two can be 

calculated with these equations. The second relation implies that the integral  

𝑆 =  ∫
𝑑𝜏

𝑑𝑇

𝑇

0

𝑑𝑇 (2.7) 

makes possible the determination of absolute 𝑆 on a single conductor, provided the Thomson 

coefficient is known. Here 𝑆  (𝑇 = 0) has been set equal to zero under the third law of 

thermodynamics. Because these measurements are complicated, they have been performed for 

only a few substances, such as lead and platinum, thus serving as references. 
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2.1.5 Thermoelectric figure of merit 

A TE generator directly generates electricity from the temperature gradient through the TE 

material. The maximum efficiency of a TE generator is given by, 

𝜂𝑚𝑎𝑥 =  
Δ𝑇

𝑇ℎ

√1 + 𝑍𝑇𝑎𝑣𝑔 − 1

√1 + 𝑍𝑇𝑎𝑣𝑔 +
𝑇𝑐
𝑇ℎ

  (2.8) 

where 𝑇ℎ and 𝑇𝑐 are the hot- and cold-side temperature, and Δ𝑇 and 𝑇𝑎𝑣𝑔 are their difference, 

𝑇ℎ − 𝑇𝑐  and the average (𝑇ℎ + 𝑇𝑐)/2, respectively. The TE conversion efficiency by Eq. 2.8 is 

the product of the Carnot efficiency Δ𝑇/𝑇ℎ and a reduction factor as a function of the material’s 

figure of merit, 

𝑍 =  
𝑆 2𝜎

𝜅
 (2.9) 

where 𝑆  is the Seebeck coefficient, 𝜎  is the electrical conductivity, and 𝜅  is the thermal 

conductivity. 

The dimensionless figure of merit is calculated by, 

𝑍𝑇 =  
𝑆 2𝜎

𝜅
𝑇   (2.10) 

From Eq. 2.8, the conversion efficiency is proportioned to the ZT. The high ZT is made of high 

efficiency. Generally, a high 𝑆 2𝜎 and low 𝜅 are required to ensure high ZT. However, it is 

difficult to meet these requirements due to the interdependence of the parameters. To enhance 

ZT, we need to consider the relationships between n or p (here n is taken as an example) and 

𝑆, 𝜎, and 𝜅.  

𝑆 =  
8𝜋 2𝑘𝐵

2

3𝑒ℎ2
𝑚∗ 𝑇 (

𝜋

3𝑛
)

2
3

  (2.11) 
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𝜎 = 𝑛𝑒𝜇  (2.12) 

𝜅 =  𝐷𝑇𝐶𝑃𝜌 =  𝜅𝑒 +  𝜅𝑙   (2.13) 

𝜅𝑒 = 𝐿𝜎𝑇 =  𝑛𝑒𝜇𝐿𝑇  (2.14)  

where, 𝑘𝐵 is the Boltzmann constant, 𝑒 is the electrical charge, ℎ is the Planck constant, 𝑚∗ is 

the carrier’s effective mass, 𝜇 is the carrier mobility, 𝐷𝑇  is the thermal diffusivity, 𝐶𝑃 is the 

specific heat, 𝜌 is the mass density, and 𝐿 is the Lorentz number. These equations show that 

the values of 𝑆, 𝜎, and 𝜅 should be balanced to optimize ZT, as presented in Fig. 2.4[1]. 

The optimized carrier concentration is 1019 to 1020 cm-3 between common metals and 

semiconductors or in heavily doped semiconductors.  

2.2 Thermoelectric devices 

2.2.1 Thermoelectric module 

The actual maximum conversion efficiency usually is lower than the calculated value due to 

parasitic ohmic loss at the electrode interface and heat loss at various parts of the module. Fig. 

Fig. 2.4 Relation of thermoelectric transport parameters via carrier concentration[1]. 
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2.5a shows a thermoelectric module schematic containing many couples of p- and n-type 

thermoelectric legs. The interconnect electrodes must have low electrical contact resistance to 

draw sufficient electric power from the legs and high thermal conductivity to effectively deliver 

thermal power to the legs. An effective way to increase conversion efficiency is connected 

modules using the segment type or cascade type, as shown in Fig. 2.5c and Fig. 2.5d. In a 

segment module, it is fabricated by using different n-type (p-type) TE materials with different 

working temperature ranges that were segmented together in the n-type (p-type) leg[2]. 

Cascade modules are manufactured using at least two different modules. The first is a module 

with high efficiency at a higher temperature and is stacked on top of a second module with high 

efficiency at lower temperatures[1].  

 

2.2.2 Thermoelectric compatibility factor 

To determine suitable segmentation partners for a TE material, the thermoelectric (power 

generation) compatibility factor of a TE material was calculated using Eq. (2)[3], 

Fig. 2.5 Schematic of (a) a thermoelectric module, (b) single-stage, (c) segment type, and (d) 

cascade type of the thermocouple. 
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𝛼 =  
√1 + 𝑍𝑇 − 1

𝑆𝑇
   (2) 

where 𝑆 is the Seebeck coefficient, and 𝑇 is the absolute temperature.  

From Eq. (2), it is clear that the compatibility factor 𝛼 is a temperature-dependent material 

property derived from the properties of the temperature-dependent material 𝑆, σ, and κ. Thus, 

𝛼 cannot be changed with device geometry or the alteration of electrical or thermal currents.  

Two TE materials are suitable for segmentation if their TE compatibility factor ratio is smaller 

than 2. Smaller TE compatibility factor ratios indicate that the materials are more suitable for 

segmentation. For instance, despite the high figure of merit, SiGe cannot be efficiently 

segmented with the other thermoelectric materials shown in Fig. 2.6. Since the compatibility 

factor ratio between SiGe and others is larger than 2, the maximum efficiency can decrease by 

segmentation[3]. 

Fig. 2.6 Plot of reduced efficiency as a function of u, normalized by the Carnot efficiency, for 

material listed in Table 2.1. Black dots indicate a maximization/compatibility factor[3] 
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Table 2.1 Temperature ranges for materials considered for segmentation in a typical p-leg 

with their respective compatibility factors[3]. 

p-leg Tc (K) TH (K) α (V-1) 

1-(Sb,Bi)2Te3 300 451 2.900 

2-Zn4Sb3 451 677 2.119 

3-CeFe4Sb12 677 973 1.558 

Segs. 1+2+3 300 973 2.011 

4-SiGe 973 1300 0.4116 

2.3 Thermoelectric material research 

2.3.1 Brief thermoelectricity of layered chalcogenides 

Layered chalcogenides have long been recognized as excellent TE materials due to their unique 

crystal structure and the potential for manipulating charge carrier transport and phonon 

transport by different crystal plane modulation. In the tetradymites family, Bi2Te3 and Sb2Te3, 

the best candidates for TE materials at room temperature, were commercialized and used in TE 

refrigerators several decades ago. In 2000, the ZT values of 2.4 at 300 K in the superlattice film 

Bi2Te3-Sb2Te3 had reported, which was attracted more and more effort to improve conventional 

TE materials and research on the TE nanomaterials[4]. In 2014 and 2015, the maximum ZT for 

bulk p-type Bi0.5Sb1.5Te3 and n-type Bi2Se0.3Te2.7 obtained 1.86 at 320 K and 1.2 at 445 K, 

respectively[5,6]. Bi2Se3 has a layered structure similar to that of Bi2Te3, and the elements Se 

is less expensive and less toxic than Te, so much effort has been put into investigating the TE 

performance of the Bi-Se system. Ali’s group[7] and Gupta’s group[8] have reported that the 

maximum ZT values for p- and n-type Bi2Se3 have reached 0.41 and 0.75, respectively. Besides 

the traditional TE materials, Sn-X and In-X systems are typical TE materials with excellent  

performance and low cost. Significantly, the layered structure of SnSe and In4Se3 is a distorted 
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quasi-one-dimensional chain-like structure. Along with this chainlike structure, the charge 

transport is inherently low dimensional with strong electron-phonon coupling (a structure 

called the Peierls distortion), leading to a decrease in the thermal conductivity. The occurrence 

of this phenomenon distorts the chain to form a two-dimensional superlattice structure and 

charge density wave (CDW) states. Simultaneously, the weak van der Waals bonding in the 

out-of-plane direction helps reduce the lattice thermal conductivity. Due to the combination of 

these factors, the SnSe and In4Se3–x single crystals showed good thermoelectric performance, 

with a maximum ZT values of 2.6 at 923 K (p-type) and 1.48 at 705 K (n-type), 

respectively[9,10]. As a group of layered superionic conductors, MCrX2 (M = Ni, Cu, or Ag; 

X = S/Se) compounds possess polar layered crystal structure (R3m) at room temperature, which 

has been exhibited very low lattice thermal conductivity, hence can be regarded as potential 

candidates for TE applications. A high ZT of 1.4 was achieved in sandwich-like 

(AgCrSe2)0.5(CuCrSe2)0.5 at 773 K[11]. TiS2, a transition metal dichalcogenide, has a layered 

structure with a wide van der Waals gap. A high power factor has been observed in Ti1+xS2 due 

to the excess Ti atoms inserted into the layers. A maximum ZT value of 0.34 was obtained in 

Ti1.008S2 at 663 K[12]. Additionally, the alloying effect and Cu intercalation to improve TE 

efficiency, the highest ZT value of 0.54 in TiS2 was observed at 700 K[13]. On the other hand, 

the concept PLEC simultaneously exhibits high electrical conductivity, and low thermal 

conductivity was proposed in binary or ternary chalcogenides of Cu or Ag. The PLEC 

compounds exhibit excellent thermoelectric performance, as indicated by the high ZT values 

of Cu2Se and Cu2S. Liu et al.[14] reported a maximum ZT value of 2.3 at 400 K for an I-doped 

Cu2Se sample due to the critical scattering of electrons and phonons, which means achieving 

minimum thermal conductivity and maximum electrical conductivity at the same time. Due to 

the liquid behavior of Cu+, even the polycrystalline bulk Cu1.97S produced by a simple melt-

solidification method achieved a maximum ZT of 1.9 at 970 K[15]. 
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2.3.2 Overview of CuAgSe 

The good TE performances of the Cu2Se compound have stimulated substantial efforts in 

searching for more TE materials with similar superionic structure and preferred TE 

performances. An immediate candidate is CuAgSe, i.e., randomly Ag-substituted Cu2Se 

compounds. Similar to Cu2Se, CuAgSe also has two phases: the low-temperature β-phase and 

the high-temperature α-phase[16]. At temperatures below 470 K, β-phase is a semimetal with 

a unique layered structure consisting of alternating stacking of the Ag and CuSe layers, 

allowing probably high mobility of about 20,000 cm2V-1s-1 at 10 K[17]. At temperatures above 

470 K, the α-phase is a semiconductor with a crystal structure similar to the superionic Cu2Se 

with the mobile Ag/Cu cations randomly distributing among the tetrahedral sites (Fig. 2.7)[18]. 

This crystal structure may allow even lower lattice thermal conductivity than α-Cu2Se, due to 

the random half-substitution of Cu ions by Ag ions and a higher degree of occupation disorder. 

Thus an investigation of the structural and TE behaviors is interested. 

 Recently, Hong et al.[18] measured the TE properties of CuAgSe up to 623 K and found that 

its ZT value is low at room temperature but high at elevated temperatures (ZT ~ 0.95 at 623 

a) 

b) c) 

Fig. 2.7 Schematic drawing of lattice structures of compound α-Cu2Se (a), β-CuAgSe (b), 

and α-CuAgSe (c) 
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K). Furthermore, as the temperature increases, both Ishiwata et al.[17] and Hong et al.[18] 

observed an n- to p-type carrier transition due to the existence of two types of charge carriers 

(electrons and holes), which can lower the thermopower and ZT value. Qiu’s group[19] has 

doped Te into Se-sites and observed a maximum 𝑍𝑇  value of 0.7 at 450 K for n-type 

CuAgSe0.95Te0.05.  

Producing both n-type and p-type conduction in the same semiconductor material is ideal for 

thermoelectric applications due to their similar physical and chemical properties, such as 

melting points, thermal expansion coefficient. The stoichiometric CuAgSe has always been 

reported to show n-type conduction, while the p-type conduction is only present in the non-

stoichiometric CuAgSe. However, it is difficult to synthesize the non-stoichiometric p-type 

CuAgSe without secondary phases. Controlling the carrier type in CuAgSe is an unsolved 

question.  

2.3.3 Overview of In2Se3 

In2Se3 is likely the most complex compound among indium selenides; exists many phases, such 

as the rhombohedral α-phase, the rhombohedral β-phase, the defect wurtzite 

γ-phase, and the hexagonal δ-phase[20,21], as depicted in Fig. 2.8. The rhombohedral α-In2Se3 

crystallizes in a layered structure with each layer consisting of Se-In-Se-In-Se, belongs to space 

group R3m with lattice parameters a = 4.05 Å and c = 28.77 Å. Within the layer, In and Se 

atoms are covalently bonded, while the neighboring layers are bonded by the weak van der 

Waals interaction[20,22]. The rhombohedral β-In2Se3 was formed after the phase 

transformation of α- In2Se3 above 200 ˚C. Osamura et al.[21] obtained the XRD pattern 

(collected at 250 °C) of β-In2Se3 and indexed the crystal structure belongs with a space group 

of R3m and lattice parameters of a = 4.05 Å and c = 29.41 Å. The defect wurtzite γ-In2Se3 can 

be formed by further heating β-In2Se3 at a higher temperature, such as 350 ˚C, 520 ˚C, and 650 
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˚C[23]. γ-In2Se3 was a vacancy ordered in the screw form phase, in which vacancies on 1/3 of 

the cation site were ordered in vacancy ordered in the screw form along the c-axis. The early 

investigations on γ-In2Se3 presented lattice parameters of a = 7.11 Å and c = 19.30 Å. Further 

heating γ-In2Se3 can obtain the hexagonal δ-In2Se3 at even higher temperatures, such as 550 °C 

and 730 °C[23]. Popovic et al.[24] reported the lattice parameters of δ-In2Se3 as a = 4. 014 Å 

and c = 9.64 Å with a space group P3m1. 

Several studies were performed to measure and improve the TE properties of In2Se3. Due to 

the low thermal conductivity, the maximum ZT values of 0.25 and 0.2 were observed in α-

In2Se3 and γ-In2Se3 at 884 and 673 K, respectively[25,26]. Melting was applied to synthesize 

Ag incorporated In2Se3 and ZT of 0.63 at 884 K. However, Ag incorporated In2Se3 samples 

a) b) 

c) d) 

Fig. 2.8 Crystal structure model of α-In2Se3 (a), β- In2Se3 (b), γ- In2Se3(c), and δ- In2Se3 (d) 
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were mainly composed of ternary phases In5AgSe8. To the best of our knowledge, there have 

not been reported on the low-temperature TE transport properties and the anisotropy during 

transport of the single-crystalline In2Se3 sample. 

2.3.4 Overview of InSe 

InSe is a member of the III-monochalcogenide semiconductor group and promising material 

for developing high-speed electronic devices due to its small effective mass (m* = 0.14m0), 

high electron mobility (exceeds 103 cm2 V-1 s-1
 and 104 cm2 V-1 s-1 at room and liquid-helium 

temperatures, respectively)[27], flexibility, and ambient stability[28]. InSe exhibits a layered 

structure, where each layer contains sublayers, closely packed with two In and two Se in a 

stacking sequence Se-In-In-Se, whereas the bonding between two adjacent layers is the weak 

Van der Waals type[29]. Therefore, InSe usually presents a strong anisotropy characteristic. 

On the other hand, InSe can crystallize in hexagonal (β- and ε-InSe) or rhombohedral (γ-InSe) 

layered crystal structures that differ stacking of the quadruple-layers, as presented in Fig. 

2.9[30]. The crystal structure of β- and ε-InSe shows ABAB stacking, while the ABCABC 

stacking exists in the rhombohedral γ-InSe structure. The hexagonal β- and ε-InSe phases show 

similar lattice parameters of a = 4.005 Å and c = 16.640 Å. They can be distinguished by using 

the Raman technique[30,31]. The rhombohedral γ-InSe belongs to the R3m space group with 

lattice parameters of a = 4.005 Å and c = 24.960 Å[32]. 
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Furthermore, the β and γ-InSe phases exhibit direct bandgap (Eg = 1.25 and 1.29 eV), an 

essential concern for InSe-based optoelectronic devices[23,33–35]. 

Zhai et al.[36] investigated the TE properties of n-type β-InSe and Sn-doped β-InSe 

polycrystalline samples fabricated by melting and spark plasma sintering. TE property 

evaluations showed that Sn-doping slightly enhanced the power factor and reduced the thermal 

conductivity of β-InSe; therefore, an enhanced maximum ZT of 0.66 was achieved at 700 K, 

representing 57% improvement to the un-doped sample. Haleoot’s group[37] have predicted 

Fig. 2.9 Crystal structure models of ε-InSe (a), β-InSe (b), and γ-InSe (c) 
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that doping Bi into Se sites also helps to improve the TE performance of β-InSe with a 

maximum ZT value of 0.65 for β-InSe0.75Bi0.25 alloy at 800 K. To the best of our knowledge, 

there have been no reports about the low-temperature TE properties of the β-InSe single crystal. 

Additionally, a study on defects and their effects on the physical properties of InSe is a 

desirable work for realizing the material in various applications. Xiao et al.[38] have been 

reported that the dominant intrinsic defects in In-rich material are the In interstitial, a shallow 

donor, and the Se vacancy, which introduces deep traps. In Se-rich material, the SeIn antisite is 

the dominant defect. Formation energies as a function of chemical potential for intrinsic defects 

in InSe were shown in Fig. 2. 10[38].  
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Chapter 3. Experiments 

3.1 PID temperature controller 

The Proportional-Integral-Derivative (PID) controller is an instrument used in industrial 

control applications to regulate temperature, flow, pressure, and other process variables [1]. 

PID controllers use a control loop feedback mechanism to control process variables and are the 

most accurate and stable controller. A PID temperature controller, as its name implies, is a 

device used primarily to control temperature without extensive operator involvement. The 

principle is that the PID temperature controller continuously calculates an error value e(t) as 

the difference between the setpoint value (SP) and the current measured value (PV) by a 

thermocouple. This error is used for three purposes; i) to process the present through the 

proportional term, ii) to recover errors from the past through the integral term, and iii) to avoid 

future errors through the derivative term. The controller attempts to minimize the error over 

time by adjusting control variables. 

Figure 3.1 shows the PID controller close loop and working principle, where Kp, Ki, and Kd are 

the time constants of proportional, integral, and derivative terms.  

 

Fig. 3.1 A block diagram of a PID controller in a feedback loop. 
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Controllers that use PID programs can operate with a single term (P, I, D), a joined term (PI, 

PD), or all PID terms. However, the single and couple terms have many weaknesses, including 

the P controller cannot eliminate steady-state errors, a large D makes the system more sensitive 

to noise, and the PI controller can cause large overshoots and inadequate response. The 

controller's best performance can be obtained using these terms P, I, and D together, which are 

called PID controllers. The PI controller improves the PI controller by eliminating steady-state 

errors in the P controller, and the PID controller eliminates overshoots and speeds up response. 

The step response of the P, PI, and PID controllers is shown in Figure 3.2. This figure shows 

the best response and stability of a PID controller compared to other controllers. 

3.2 Heat transfer mechanism 

To use heat efficiently and control temperature accurately, it is necessary to understand the 

movement of heat and how it is transferred between objects. Heat transfer mechanisms are 

simply ways by which thermal energy can be transferred between objects, and they all rely on 

the basic principle that kinetic energy or heat wants to be at equilibrium or equal energy states. 

There are three different ways for heat transfer to occur: conduction, convection, and radiation. 

Fig. 3.2 Step response of P, PI, and PID controller. 
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First, heat conduction, also called diffusion, is the direct transfer of heat from one object to 

another. Conduction is the most effective means of heat transfer within a solid or between solid 

objects in thermal contact. The heat conduction is dependent on the thermal conductivity of 

materials. Materials can be classified into heat conductors and heat insulators. Metal is a perfect 

heat conductor with high thermal conductivity, while wood and glass fiber are excellent  

insulators. Second, convection is heat transfer through fluid (like air or water) motion. The 

difference between conduction and convection is the movement of the material carrier. 

Convection is the movement of thermal energy by moving a hot fluid. This movement usually 

occurs because of different densities. Warm particles are less dense, so hot particles move to 

cooler regions and cooler particles move to hotter regions. The fluid continues to move until 

equilibrium is reached. Third, radiation is the transfer of heat energy using photons in 

electromagnetic waves. All moving charged particles emit electromagnetic radiation. This 

emitted wave will travel until it hits another particle. The particle that receives this radiation 

will receive it as kinetic energy. Particles will receive and emit radiation even after everything 

is at the same temperature, but it is not noticed because the material is at equilibrium at this 

point. The Stefan-Boltzmann equation describes the rate of transfer of radiant energy:  

𝑄 =  𝜀𝜎𝑇 4 

For the radiative transfer between two objects, the equation is as follows: 

𝑄 =  𝜀𝜎𝐹(𝑇𝑎
4 −  𝑇𝑏

4) 

Where 𝑄  is the heat flux, 𝜀   is the emissivity (unity for a black body), 𝜎  is the Stefan–

Boltzmann constant, F is the view factor between two surfaces a and b, and 𝑇𝑎 and 𝑇𝑏  are the 

absolute temperatures for the two objects. 



35 
 

3.3 Single crystal growth  

Growth from the melt by solidification is the most widely used method for preparing high-

quality large single crystals. The fundamental concept of this technique has slowly cooled the 

liquid to its melting point. In this technique, apart from possible contamination from crucible 

materials and the surrounding atmosphere, no impurities are introduced in the growth process. 

The growth rate is usually much higher than possible by other methods. Single crystal defects 

strongly depend on how well the temperature is controlled. The growth from the melt can be 

sub-grouped into various techniques, such as Bridgman, Czochralski, Verneuil, Zone melting, 

Kyropoulos, and temperature gradient techniques. In this section, the Bridgman and the 

temperature gradient techniques are discussed in detail. 

3.3.1 Bridgman technique (Bridgman-Stockbarger technique) 

The Bridgman technique (also known as the Bridgman-Stockbarger technique) is one of the 

oldest techniques used to grow single crystals from the melt. This technique was invented by 

Bridgman in 1925 and modified by Stockbarger in 1936. Bridgman’s technique’s principle 

involves lowering a crucible through the furnace so that the solidification interface slowly rises 

along with the crucible, starting at the lowest point of the freezing crucible. First, the raw 

materials are weighed according to the appropriate stoichiometry, placed in an ampoule, 

evacuated, or added in an inert atmosphere, and sealed. Ampoules are usually made of quartz, 

Pyrex, alumina, graphite, and precious metals. After shielding, a hook is created at the top of 

the ampoule and connected to the motor via a high melting point wire. After maintaining the 

high temperature to complete the reaction between the elements to form the compound, slowly 

lower the ampoule from the hot part (above the melting point of the material) to the cold part 

(below the melting point of the material) of the furnace to solidify. The movement rates for 

such processes range from around 0.1 to 200 mm/h. A typical vertical Bridgman system is 
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shown in Fig. 3.1. A longitudinal temperature profile is established in the center of the furnace 

with a specific temperature gradient near the melting point of the material. The crystal growth 

with the vertical Bridgman method can use a seed or no seed. A without-seeded Bridgman 

method relies on random nucleation or self- nucleation to produce a single crystal that 

propagates to form one large crystal throughout the frozen charge. The formation of just one 

nucleus requires a small nucleation volume. Thus the crucibles are usually modeled with 

conical tips to meet nucleation criteria, as illustrated in Fig. 3.1. For a seeded Bridgman growth, 

the crucible shape is not essential. The flat bottom is usually made to contain the seed material. 

The most obvious requirement of the crucible is that it should not react with the crystal within 

the temperature range of crystal growth. It should also have a smaller thermal expansion 

coefficient than the crystal to avoid strain and stress-induced during the crucible cooling. There 

are two kinds of Bridgman furnaces; horizontal and vertical, corresponding to horizontal 

Bridgman technique and vertical Bridgman technique. Usually, the vertical Bridgman 

technique provides a higher quality crystal than the horizontal one.  
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The Stockbarger technique is a modified Bridgman technique in which the furnace is divided 

into two zones, often separated by a baffle, producing a steeper temperature gradient between 

zones, as shown in Fig. 3.1b [2]. Note that the temperature gradient here can be adjusted by 

changing the density of the heating element or by using the convection phenomenon (for the 

vertical furnace). The Bridgman-Stockbarger technique exhibits many advantages: it does not 

require a seed to start growing, produces large and high-quality single crystal ingot, possibly 

grows sublimating material’s compounds, and the crystal orientation can be controlled by 

adjusting the seed orientation (sharp tip of the ampoules). However, there are some 

disadvantages. The temperature and ampoule position is hard to adjust accurately due to 

ampoule fluctuations, manufacturing on an industrial scale is complex and challenging, and 

only one ampoule can be loaded at one time. As mentioned above, to produce an excellent 

thermoelectric single crystal ingot, we have to control well the defect type and defect density. 

Using the Bridgman-Stockbarger technique, we may optimize the amounts of elements loaded 

in the ampoule, the temperature gradient, and the speed of lowering the ampoule.  

Fig. 3.3 The schematic of the Brigman technique and the Stockbarger technique. 
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3.3.2 Temperature gradient technique 

Using the same concept from the melt, the temperature gradient technique has been used to 

fabricate bulk single crystals. This technique uses the thermal convection phenomenon to create 

a temperature gradient. Figure 3.10a shows a schematic diagram of a vertical furnace. Without 

moving ampoules, the gradient temperature is only used for single crystal growth. The 

temperature was precisely controlled by an AC or DC power supply and a PID temperature 

controller. In the furnace, the heating wire is evenly wound around quartz. Due to the 

transparency of the quartz tube, heat radiation can efficiently conduct heat from the wire to the 

ampoule, creating a uniform cross-sectional temperature.  A thermocouple is placed in the 

furnace near the ampoule to read the temperature at the sample location accurately. The 

following are the details of the growing process. First, the raw materials were weighted at the 

appropriate stoichiometry. The powders were then mixed, loaded into a quartz tube, evacuated, 

and sealed under the pressure of roughly 10-4 Torr. The ampoule was then evacuated and sealed 

inside another larger quartz ampoule to prevent oxidation that may occur when the inner 

ampoule is broken due to differences in the thermal expansion coefficients between materials 

and quartz and/or expansion of the material during the phase transition. The ampoule was then 

slowly heated to a high temperature above the melting point of materials. During the heating 

process, the raw materials interact to form a compound. To complete this reaction, the ampoule 

was kept at a high temperature for a long time. The ampoule was then slowly cooled down 

below the melting point of the compound. Frist, solidification occurs at the bottom of the 

ampoule, creating a single-crystal seed. As temperature continuously drops, a single crystal 

grows on the seed. Finally, a single crystal ingot is manufactured. Notice that the excess 

elements are floating on top of the ampoule. This method has many advantages over the 

Bridgeman method. Many ampoules can be loaded together in a single run with no moving 
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parts, making it extremely simple and easy to operate. Using the temperature gradient technique, 

we have successfully fabricated the excellent α-In2Se3 and β-InSe single crystals. 

3.4 Transport properties measurement system in our lab 

To determine the Seebeck coefficient, electrical conductivity, and carrier concentration in our 

lab, we have built our low- and high-temperature transport measurement systems. The low-

temperature measurement system allows us to measure these parameters in the temperature 

range from 10 to 410 K (the extent to 450 K). The high-temperature measurement systems 

allow us to measure these transport parameters from room temperature to 1000 K (using liquid 

N2 for cooling, the temperature can be started measure at 100 K).  

3.4.1 Low-temperature measurement system 

Electrical thermoelectric transport properties, including temperature-dependent Seebeck 

coefficient, electrical resistance, Hall effect, and magnetoresistance measurement, as a function 

of temperature, have been extensively studied in our home-made low-temperature physical 

properties measurement system (PPMS). The PPMS is composed of a vacuum chamber, rotary 

Fig. 3.4 (a) The furnace in the temperature gradient technique; (b) Heating wire of the 

furnace; (c) The photo of InSe single crystal. 
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pump, electro-magnet, cryostat system, Keithley source-meters. The photo image of PPMS 

equipment is presented in Fig 3.1. The rotary pump allows us to maintain the system under a 

low vacuum range of ~ 10-3 Torr. The cryostat system includes the Lake Shore model 331 

temperature controller, Displex (DE-202S, Advanced Research System, Inc.), heater, and 

temperature sensors (Silicon diode or resistance temperature detectors RTDs). The heater is 

designed after considering the impedance matching with the temperature controller and 

minimized its induced magnetic field. Keithley 182 nano voltmeter and model 2400 series 

source meter were set for electrical transport measurement. The Keithley 2400 source meter 

has the following capacity: source volt range (from 5 V to 200 V), measurement voltage (from 

1 V to 211 V), source of current (from 50 pA to 1.05 A), measurement current (from 10 pA 

to 1.055 A), and measurement resistance (from 100  to 211 M). The electromagnet  

(Walker LDJ Scientific Inc., USA) can generate a magnetic field to 1 Tesla (10000 Gauss). 

The model 182 sensitive digital voltmeter has the built-in standard IEEE-488 interface, which 

allows the instrument to communicate with a computer.  
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This measurement system can simultaneously measure two samples for resistance, Hall effect, 

and magnetoresistance measurements using a four-point probe configuration. Besides, Seebeck 

coefficient measurements using the two-probe method allow one sample each time. The 

schematic drawing of these measurements is shown in Fig. 3.2. In the Seebeck coefficient 

measurement, the ambient temperature is kept stable by the temperature controller. The 

temperature gradient is generated by a heater (~170 Ω) integrated into a cooper block. A K-

type thermocouple is used to measure the temperature gradient. The thermoelectric voltage can 

be expressed by 

∆𝑉 = 𝑆∆𝑇 + 𝑏(∆𝑇)2 + ⋯  (3.1) 

Fig. 3.5 Our home-made low-temperature physical properties measurement system (PPMS) 
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It measures steady-state thermoelectric voltages at exceedingly small intervals of gradient 

temperature to eliminate spurious thermal voltages in the circuit and ignore higher-order terms 

of ΔT. The Seebeck coefficient was determined by taking the slope of the ΔV vs. ΔT curve. 

3.4.2 High-temperature measurement system  

We designed the high-temperature transport measurement system with operating temperature 

from room temperature to 1000 K (using water for cooling) and from 100 K to 1000 K (using 

liquid N2 for cooling). 

The measurement’s principle was described as the same as a low-temperature system. 

3.5 Characterizations 

3.5.1 X-ray diffraction (XRD) 

Our samples’ crystal quality was examined by X-ray diffraction (XRD) experiments using Cu 

Kα1 radiation (0.154056 nm). The θ-2θ scan was used to investigate the out of plane orientation 

and lattice constants of the samples. 

Fig. 3.6 The photo of our home-build high-temperature transport measurement system. 
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In principle, in the XRD θ-2θ scan, a diffraction peak appears when the incident beam satisfies 

two conditions: the diffraction plane has to perpendicular to the crystallographic plane and the 

Bragg condition 

 2 sind m =  (3.32) 

where d is the inter-planar distance, 𝜆 is the wavelength of the X-ray beam, and θ is the incident 

angle (angle between the incident beam and crystallographic plane). The position of peak (2θ) 

is dependent on d, while the intensity of peak is dependent on many factors: Structure factor 

(include form factor), Lorentz, polarization, multiplicity, temperature factors. The XRD peak’s 

intensity is calculated as  

 
2

( ) ( ) ( ) ( )hklI hkl S hkl M LP TF =     (3.33) 

where S(hkl) is the structure factor, Mhkl is the multiplicity factor, LP(θ) is Lorentz, and 

Polarization factors, TF(θ) is the temperature factor (displacement parameter). 
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3.5.2 Scanning Tunneling Microscope(STM) 

A scanning tunneling microscope (STM) is an instrument for imaging surfaces at the atomic 

level. The STM works by scanning an extremely sharp metal wire tip over a surface. We can 

image the surface at an extremely small scale – down to resolving individual atoms. 

Microscopes are built for use in ultra-high vacuum (< 10-10 Torr) at liquid N2 temperature (79 

K), but variants exist for operating at room temperature.  

The STM is based on several principles, including quantum tunneling and piezoelectric effect. 

One is the quantum mechanical effect of tunneling. When the tip is brought near the surface, 

an electrical voltage applied between the tip and surface sample allows electrons to tunnel 

through the vacuum, separating them. It is this effect that allows us to “see” the surface. 

Another principle is the piezoelectric effect that allows us to precisely scan the tip with 

angstrom-level control. Lastly, a feedback loop is required, which monitors the tunneling 

current and coordinates the current and the positioning of the tip. 

In this work, we used the home-built low-temperature STM system ((base pressure of ~ 7 x 10-

11 Torr) to investigate the surface structure of β-InSe single crystal at 280 and 80 K.  

Fig. 3.7 The schematic of STM 
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3.5.3 Raman spectroscopy 

Raman spectroscopy is a non-destructive chemical analysis technique that provides detailed 

information about chemical structure, phase and polymorphy, crystallinity, and molecular 

interactions. It is based upon the interaction of light with the chemical bonds within a material. 

Raman is a light scattering technique whereby a molecule scatters incident light from a high-

intensity laser light source. Most of the scattered light is at the same wavelength (same energy) 

as the laser source and does not provide useful information – this is called Rayleigh Scatter. 

However, a small amount of light is scattered at a different wavelength (smaller or larger 

energy), which depends on the material’s chemical structure – this is called Raman Scatter [4]. 

 

Fig. 3.8 Energy-level diagrams showing the states involved in Raman spectra 

Raman shifts are typically reported in wavenumbers, which have units of inverse wavelength, 

as this value is directed related to energy. To convert between spectral wavelength and 

wavenumbers of the shift in the Raman spectrum, the following equation can be used: 
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∆�̃� (𝑐𝑚−1) =  (
1

𝜆0(𝑛𝑚)
−

1

𝜆1(𝑛𝑚)
) ×

107(𝑛𝑚)

(𝑐𝑚)
 

where, ∆�̃� is the Raman shift expressed in wavenumber, 𝜆0 is the excitation wavelength, and 

𝜆1 is the Raman scattering wavelength. 

A Raman spectrum features a number of peaks, showing the intensity and wavelength position 

of the Raman scattered light. Each peak corresponds to a specific molecular bond vibration and 

provides information about chemical structure, phase, symmetry, and impurity, etc.[5]. In this 

work, this measurement was performed by the DXR Raman microscope (Thermo Scientific, 

USA), which was equipped with a 532 nm laser. The laser power was 5 mW to obtain a good 

signal to noise ratio. 

3.5.4 Photoluminescence (PL) 

Photoluminescence (PL) is when light energy, or photons, stimulate the emission of a photon 

from any matter. It is a non-contact, non-destructive method of probing the electronic structure 

of materials. In essence, light is directed onto a sample, where it is absorbed , and where a 

process called photo-excitation can occur. The photo-excitation causes the material to jump to 

a higher electronic state and then release energy (photons) as it relaxes and returns to a lower 

energy level. The emission of light or luminescence through this process is photoluminescence, 

PL [6,7].  



47 
 

 

Fig. 3.9 Schematic representation of the photoluminescence excitation 

PL spectroscopy is a widely used technique for characterizing the optical and electronic 

properties of the material, such as bandgap determination, impurity levels, defect detection, 

recombination mechanisms, material quality, and surface structure excited states. In this study, 

a 473 nm Ar-ion laser was used for PL studies at room temperature. 

3.5.5 Specific heat capacity 

Heat capacity is defined as the ratio of the amount of energy transferred to a material and the 

change in temperature that is produced: 

𝐶 =  𝑄 ∆𝑇⁄  

Where 𝐶 is heat capacity, 𝑄 is energy, and ∆𝑇 is the temperature change.  

The specific heat capacity (Cp) is the amount of energy that must be added to  
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3.5.6 Thermal diffusivity and thermal conductivity: LFA, ZEM 3 

Thermal conductivity (κ W/m-K) is a thermophysical measure of how much heat is transferred 

through a material by the conductive flow. It can be determined the thermal conductivity as the 

ratio of the quantity of heat per unit area to the temperature gradient. Determining thermal 

conductivity is an indirect measurement. The thermal conductivity of a material is proportional 

to its thermal diffusivity. The thermal diffusivity (D with the unit mm2/s) is a material-specif ic 

property for characterizing the unsteady state of heat transfer. This value describes how well 

the heat could diffuse through the material. In this work, this measurement was performed by 

Netzsch LFA457. The thermal conductivity is calculated by 

 𝜅 = 𝐷𝜌𝐶𝑝 (3.35) 

where D is thermal diffusivity, ρ is mass density, and CP is specific heat. 

The thermal diffusivity is measured with the flash method. The sample is selected so that its 

cross-section is large compared with its thickness. If a pulsed laser irradiates its face, the 

temperature fluctuations at the opposite face are observed using an infrared sensor. Thermal 

diffusivity is determined from the thickness (d) of the sample and the time taken to reach half 

of the maximal temperature increase (t1/2) by following the equation 

𝐷 =  
1.37𝑑2

𝜋 2𝑡1/2

 

The mass density can be determined by using an Archimedes’ method with any shape. To do 

that, we measure the weight of samples in air and DI water (mass density = 1000 kg/m3). The 

mass density of the sample is determined by 

 𝜌0 =
𝑚0

𝑚0−𝑚
𝜌𝐷𝐼  

where 𝜌0  is the mass density of the sample in air, 𝜌𝐷𝐼 is the mass density of DI water, 𝑚 is the 
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weight of sample in DI water, and 𝑚0 is the weight of the sample in the air. The primary source 

of error is bubbles on the surface of the sample. To conduct measurement accurately, we need 

a smooth surface and a large enough sample. 

3.6 Measurement’s errors 

Every measurement has inherent uncertainty. Therefore, we need to indicate the reliability of 

measurements and the uncertainties of the results calculated from these measurements. To 

better understand the outcome of experimental data, the experimenter can only make sure the 

error is as small as possible and estimate the error’s magnitude. There are generally two 

different types of errors: random (or chance) errors and systematic (or biased) errors. First, a 

random error makes the measured value both smaller and more extensive than the real value; 

precision errors. Random error often occurs when instruments are pushed to their limits. 

Random error cannot be avoided; it is part of the measuring process. Uncertainties are a 

measure of random errors. To minimize this kind of error, we may repeat the experiment often 

and take average by appropriate statistics equations. Second, systematic error is related to 

imperfect calibration of measurement instruments, changes in the environment that interfere 

with the measurement process, and imperfect observation methods. A systematic error makes 

the measured value always smaller or larger than the actual value, but not both. Accuracy is a 

measure of systematic error. To minimize this error, we can calibrate the measurement 

instruments or repeatedly repeat the experiment to be familiar with the experiment.  

We used the home build high-temperature transport measurement system and UlvacRiko ZEM-

3 instrument to measure the Seebeck coefficient and electrical conductivity in this work. The 

thermal diffusivities were measured by lasing fash analysis LFA instrument (model: LFA-457, 

NETZSCH, Germany). The standard uncertainties of UlvacRiko ZEM-3 were reported by the 

company: 5% for Seebeck coefficient and electrical conductivity; and about 15% for power 
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factor. The LFA-457 instrument gave an uncertainty of thermal conductivity of 5% (estimated 

value). The uncertainties of our home build high-temperature transport measurement system 

were calculated and reported [3]. This section represents the calculation for these uncertainties.  

3.6.1 Electrical conductivity measurement’s errors 

The electrical conductivity can be calculated by 

𝜎 =
1

𝜌
=

𝑙

𝑅𝑎𝑏
 

Where 𝜌 is electrical resistivity, 𝑅 is electrical resistance, 𝑙 is length (distance between two 

voltage probes in the collinear four-probe configuration mentioned above), and 𝑎 and 𝑏 are the 

width and thickness of the sample. Take natural logarithm both sides of this equation we have 

𝜎 =
1

𝜌
=

𝑙

𝑅𝑎𝑏
 

ln 𝜎 = ln 𝑙 − ln 𝑅 − ln 𝑎 − ln 𝑏 

Take derivative both sides 

𝑑(ln 𝜎) =  𝑑(ln 𝑙) − 𝑑(ln 𝑅) − 𝑑(ln 𝑎) − 𝑑(ln 𝑏) 

𝑑𝜎

𝜎
=

𝑑𝑙

𝑙
−

𝑑𝑅

𝑅
−

𝑑𝑎

𝑎
−

𝑑𝑏

𝑏
 

Use the letter “∆” instead of the letter “d”, at average values of quantities, consider only 

maximum value, we have  

Δ𝜎

𝜎
=

Δ𝑙

𝑙
+

Δ𝑅

𝑅
+

Δ𝑎

𝑎
+

Δ𝑏

𝑏
 



51 
 

Here, we neglected the uncertainty of resistance given by the Keithley model 2400 (less than 

0.1%). Our home build measurement system's typical sample size is l = 2 mm, a = 2 mm, and 

b = 0.3 mm. The uncertainty of rulers is 0.01l a b mm =  =  = . We have  

Δ𝜎

𝜎
=  

0.01

2
+

0.01

2
+

0.01

3
= 0.043 = 4.3% 

The error for electrical conductivity is 4.3%. 

3.6.2 Seebeck coefficient measurement’s errors 

We used the repeating measurement method to determine the error at room temperature [3]. 

The reference material is Bismuth (Bi) polycrystalline. The measurement was repeated 18 

times and was analyzed using the fitting data technique, as shown in Fig. 3.21. We determined 

Seebeck coefficients from the linear slope of ΔV vs. ΔT curves. The measured Seebeck 

coefficient of polycrystalline Bi is -57.7 ± 0.76 µV/K. The standard error from the linear fitting 

is 1.3%. Note that the Seebeck coefficient of Bi single crystal is -51.4 µV/K along the 

perpendicular to the three-fold axis and -102.7 µV/K along parallel to the three-fold axis. The 

Seebeck coefficient of the reported polycrystalline Bi is -60 µV/K at 300 K. The slight  

difference between the measured and reported values is due to the sample quality such as grain 

size, purity, etc. 
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Fig. 3.10 (a) ΔV vs. ΔT at 300 K of polycrystalline Bi and (b) measurement’ error. 

3.6.3 Thermal conductivity measurement’s errors 

The laser flash analysis (LFA) Netzsch LFA 457 measurement system was used to determine 

the thermal diffusivity of samples. The reported error for this system is ± 3%. 

3.6.4 Power factor’s errors 

The power factor is calculated from the Seebeck coefficient and electrical conductivity as 

𝑃𝐹 =  𝑆 2𝜎 

The uncertainty of the power factor is calculated using the rules of indirect measurement’s error 

calculation. 

𝑃𝐹 =  𝑆 2𝜎 

ln 𝑃𝐹 = 2 ln 𝑆 +  ln 𝜎 
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∆𝑃𝐹

𝑃𝐹
= 2

∆𝑆

𝑆
+

∆𝜎

𝜎
= 2 × 0.013 + 0.043 = 0.069 = 6.9% 

3.6.5 Figure of merit’s error 

The thermoelectric figure of merit is calculated by  

𝑍𝑇 =  
𝑃𝐹

𝜅
𝑇  

ln 𝑍𝑇 =  ln 𝑃𝐹 +  ln 𝑇 −  ln 𝜅 

Δ𝑍𝑇

𝑍𝑇
=  

Δ𝑃𝐹

𝑃𝐹
+

Δ𝜅

𝜅
= 0.069 + 0.03 = 0.099 = 9.9% 

Here 𝜅 is thermal conductivity, and T is the absolute temperature (the uncertainty of  T is 

neglected). 

3.6.6 Errors of ZEM 3 

Apart from samples in this work, the electrical resistivity and Seebeck coefficient were 

measured using an Ulvac Riko ZEM-3 instrument under a helium atmosphere from room 

temperature to 923 K. The uncertainty for Seebeck coefficient, electrical conductivity, and ZT 

are 5%, 10%, and 20%, respectively. 
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Chapter 4. Carrier control in CuAgSe by growth 

process or doping 

CuAgSe is a promising thermoelectric material whose p-type and n-type thermoelectric figure 

of merit, 𝑍𝑇, values are relatively high (0.95 and 0.70, respectively). It exhibits native n-type 

conduction, while p-type conduction is present in non-stoichiometric CuAgSe. Here, we report 

that the carrier type in CuAgSe semiconductors can be effectively controlled by changing the 

growth process or doping. We were able to switch the carrier type of CuAgSe from the native 

n-type to the non-stoichiometric p-type by increasing the soaking time during growth. In 

contrast, the n-type conduction was always observed when Ni, Co, and Zn were doped into the 

host lattices. We obtained a maximum 𝑍𝑇 value of 0.69 at 623 K in undoped n-type CuAgSe. 

Zn is a promising dopant for n-type CuAgSe with a 𝑍𝑇 value of 0.68 at 623 K, which can be 

further optimized. Our work provided a simple and effective technique for producing both 

single-phase n- and p-type CuAgSe. 

4.1 Introduction 

Thermoelectric (TE) materials have attracted interest for direct energy conversion between heat 

and electricity. The efficiency of heat conversion is proportional to the thermoelectric figure of 

merit of the TE material, 𝑍𝑇, which is defined as the relation,  𝑍𝑇 = (𝑆 2𝜎 𝜅⁄ )𝑇, where 𝑆 is the 

Seebeck coefficient, 𝜎 is the electrical conductivity, 𝜅 is the thermal conductivity (𝜅 =  𝜅𝑒 +

𝜅𝐿 where 𝜅𝑒 is the electronic thermal conductivity and 𝜅𝐿 is the lattice thermal conductivity), 

and 𝑇  is the absolute temperature. A material with both a large Seebeck coefficient, high 

electrical conductivity, and low thermal conductivity is considered a good TE material [1,2]. 

However, such requirements are difficult to meet due to the interdependent relationship of the 
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parameters. One strategy of optimizing 𝑍𝑇  proposed by Slack is based on the concept of 

phonon-glass electron-crystal (PGEC) [3]. The PGEC concept describes the essential features 

for an ideal TE material with both crystal-like features for good electronic properties and glass-

like features for low lattice thermal conductivity [4,5].  

Recently, an extension of the PGEC concept called phonon-liquid electron-crystal (PLEC) has 

been proposed. This concept is based on the liquid-like behavior of superionic conductors, 

which exhibit extremely low lattice thermal conductivity. By applying this concept, the lattice 

thermal conductivity of the material can be reduced significantly, while its power factor (𝑆 2𝜎) 

is not seriously degraded. Non-stoichiometric superionic copper selenide (Cu2-xSe) and copper 

sulfide (Cu2-xS) are typical PLEC materials exhibiting maximum 𝑍𝑇 values of 1.6 and 1.7 at 

1000 K, respectively [6,7]. The high 𝑍𝑇 values of the PLEC materials have stimulated the 

search for new high-performance TE materials in other superionic conductors. 

CuAgSe (CAS) is a superionic material that is also a robust candidate for the PLEC concept 

[8–11]. Like Cu2Se, CAS has two temperature-dependent phases: (i) a low-temperature β-

phase and (ii) a high-temperature α-phase [12,13]. At temperatures below 470 K, the low-

temperature β-CAS phase is a semi-metal with alternating stacks of the Ag and CuSe layers, 

allowing ultrahigh mobility of about 20,000 cm2V-1s-1 at 10 K [14]. This characteristic provides 

the outstanding “electron-crystal” character of β-CAS. On the other hand, β-CAS is expected 

to display glass-like or even liquid-like thermal transport characteristics due to its complex 

crystal structure and atomic-lattice disorder [11]. At temperatures above 470 K, the high-

temperature α-CAS phase is a semiconductor with a crystal structure similar to the superionic 

Cu2Se. In the α-CAS, the mobile Ag/Cu cations randomly distribute among the Se face-

centered cubic framework. This distribution results in a low lattice thermal conductivity in α-

CAS (even lower than that of Cu2Se) due to both the random half-substitution of Cu+ ions by 
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Ag+ ions and the higher degree of occupation disorder [9,10]. To date, there have been some 

reports on the thermoelectric properties of CAS with both n-type and p-type conduction. Qiu’s 

group [11] has doped Te into Se-sites and observed a maximum 𝑍𝑇 value of 0.7 at 450 K for 

n-type CuAgSe0.95Te0.05. Hong et al. [12] have reported on the thermoelectric properties of p-

type CuAgSe with 𝑍𝑇 = 0.95 at 623 K. Producing both n-type and p-type conduction in the 

same semiconductor material is ideal for thermoelectric applications due to their similar 

physical and thermal properties, such as melting point, thermal expansion coefficient... It has 

been reported that Bi2Te3 exhibited n-type (p-type) conduction in Te (Bi) excessive conditions 

[15]. Recently, the p and n control was successfully achieved in Cr2+xSe system. The material 

presented p-type conduction in stoichiometric, Cr deficient, and slight Cr excessive conditions 

(x < 0.04), while the n-type conduction was achieved in the larger Cr excessive conditions (x 

> 0.06) [16]. The stoichiometric CAS has been reported to always show n-type conduction, 

while the p-type conduction is only present in the non-stoichiometric CAS. However, it is 

difficult to synthesize the non-stoichiometric p-type CAS without secondary phases. To the 

best of our knowledge, there have been no reports focusing on the control of carrier type in 

CAS. 

In this study, we report a simple and effective way to control the carrier type of single-phase 

CAS by adjusting the soaking time during growth. The samples changed from the native n-

type characteristic into the non-stoichiometric p-type characteristic with increasing soaking 

time. On the other hand, we found that the n-type characteristic could be preserved with 

enhanced 𝑍𝑇  values in Ni-, Co-, and Zn-doped CAS samples. We obtained a maximum 

thermoelectric figure of merit, 𝑍𝑇, the value of 0.69 at 623 K in n-type CuAgSe. We have 

found that Zn is a promising dopant for n-type CuAgSe as it enhances the 𝑍𝑇 value. 
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4.2 Experiments 

We fabricated single-phase polycrystalline CuAgSe using the ‘growth from the melt’ method. 

High-purity Cu, Ag, and Se powders were weighed at the appropriate stoichiometry. The 

powders were then mixed, loaded into a quartz tube, evacuated, and sealed under the pressure 

of roughly 10-4 Torr. The ampoule was then evacuated and sealed inside another larger quartz 

ampoule to prevent oxidation that may occur when the inner ampoule is broken due to 

differences in the thermal expansion coefficients between materials and quartz and/or 

expansion of the material during the phase transition. Subsequently, the ampoules were loaded 

into a vertical electrical furnace and slowly heated up to 1323 K over 120 h. To perform the 

reactions, the ampoules were maintained at this temperature for different times (soaking times): 

130 h (CAS-1), 165 h (CAS-2), and 266 h (CAS-3) (Table 4.1). After that, the ampoules were 

slowly cooled down to room temperature over 250 h. The Ni-, Co-, and Zn-doped CAS samples 

were grown at the same growth conditions as the sample CAS-2 by adding 2 mol% of Ni, Co, 

and Zn powders, which will hereafter be referred to as Ni-doped CAS-2, Co-doped CAS-2, and 

Zn-doped CAS-2, respectively. CAS ingots with dimensions of 13.5 mm in diameter and 25 

mm in length were obtained.  

The middle parts of the ingots were used for various characterization experiments. The crystal 

structures of the samples were investigated using X-ray diffraction (XRD) along with small-

angle X-ray diffraction operating at 40 kV and 30 mA. Cu Kα radiation (λ = 0.154056 nm) with 

a scanning rate of 2° min-1 was used to record the patterns in the angle range of 20 to 90°. 

Electrical conductivity and the Seebeck coefficient were simultaneously collected from room 

temperature to 773 K under an Ar atmosphere to prevent oxidation and evaporation of samples. 

The laser flash diffusivity method (model: LFA-457, NETZSCH, Germany) was used to 

determine the thermal diffusivity from room temperature to 773 K. Mass density was obtained 
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using the Archimedes method. Heat capacity was taken from Hong’s work for CuAgSe 

compounds [ref. 12]. Thermal conductivity was calculated by the relationship 𝜅 = 𝐷𝐶𝑝𝜌, 

where 𝐷, 𝐶𝑝, and 𝜌 are the thermal diffusivity, heat capacity, and mass density, respectively. 

Table 4.1 The soaking time and room temperature electrical conductivity, carrier density, 

and carrier mobility for all samples. 

 Soaking time (h) σ (S cm-1) n*1018 (cm-3) μ (cm2 V-1 s-1) 

CAS-1 130 6622 7.531 5496 

CAS-2 165 1623 4.575 2217 

CAS-3 266 2268 4.392 3227 

Ni-doped 
CAS-2 

165 5603 7.631 4589 

Co-doped 
CAS-2 

165 5996 4.938 7589 

Zn-doped 

CAS-2 
165 5696 7.699 4624 

4.3 Results and discussion 

Room temperature powder XRD data of samples are shown in Fig. 4.1a. All samples exhibited 

nearly the same XRD patterns as JCPDS (PDF#25-1180 and PDF#10-0451) and the previous 

report [17]. The observations demonstrate that we obtained single-phase β-CAS. No distinct 

impurity peaks were found within the detection limit of the XRD instrument. As shown in Fig. 

4.1b, the (110) and (111) diffraction peaks slightly shifted towards a higher angle in the 

presence of Ni and Co, while no significant shifts were observed with the introduction of Zn. 

The peak shifts for the Ni- and Co-doped CAS are due to the substitutions of smaller ionic 

radius Ni2+ (0.7 Å) and Co2+ (0.7 Å) ions into the larger ionic radius Cu+ (0.77 Å) ion sites, in 

agreement with [18,19]. For the Zn-doped CAS, the behavior of the peaks was attributed to the 

substitution of a small amount of Zn2+ ions for Cu+ ions whose ionic radii are quite similar 
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(0.74 Å and 0.77 Å for Zn2+ and Cu+ ions, respectively). These observations indicated that the 

Ni, Co, and Zn dopants were successfully doped into the CAS lattice. The determined lattice 

constants (a, b, and c) of all samples are presented in Table 4.2. 

Table 4.2 Lattice parameters of CAS-1, CAS-2, CAS-3, and Ni-, Co-, Zn-doped CAS-2 

samples. 

 a (Å) b (Å) c (Å) 

JPCDS #25-1180 4.105 4.070 6.310 

CAS-1 4.102 4.056 6.335 

CAS-2 4.096 4.050 6.326 

CAS-3 4.103 4.056 6.337 

Ni-doped CAS-2 4.091 4.044 6.319 

Co-doped CAS-2 4.095 4.049 6.324 

Zn-doped CAS-2 4.096 4.049 6.327 
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The temperature-dependent Seebeck coefficient (𝑆), electrical conductivity (𝜎), and power 

factor (𝑃𝐹 ) of all samples are shown in Fig. 4.2. The temperature-dependent Seebeck 

coefficient curves of all samples showed consistent behavior with previous reports [11,12], 

where a sudden change in 𝑆 occurred at the phase transition temperature, 470 K. As can be 

seen in Fig. 4.2a, Seebeck coefficients at near room temperature of all un-doped samples are 

negative, indicating their n-type dominant conducting mechanism. This behavior is reasonable 

Fig. 4.1 (a) Powder XRD patterns of all CAS samples and (b) enlarged XRD patterns in the 

2θ angle range from 31° to 34° for the CAS-2 sample and the Ni-, Co-, Zn-doped CAS-2 

samples. 
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due to the low-temperature semimetallic β-CAS, where both electron and hole charge carriers 

are presented. The Seebeck coefficient of this material can be calculated as in Eq. (1); 

𝑆 =
𝑝µ𝑝𝑆𝑝 − 𝑛µ𝑛𝑆𝑛

𝑛µ𝑛 + 𝑝µ𝑝

 (1) 

where 𝑆 is the total Seebeck coefficient, n and p are the electron and the hole concentrations, 

μp and μn are the hole and the electron mobility, Sp and Sn are the contributions of the hole and 

the electron to 𝑆. The electron’s mobility is much higher than that of the hole due to its much 

smaller effective mass; thus, negative S is achieved.  
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Fig. 4.2 Temperature dependence of (a) Seebeck coefficient (S), (b) electrical conductivity 

(σ), and (c) power factor (PF) of the CAS-1, CAS-2, CAS-3, and the Ni-, Co-, Zn-doped CAS-

2 samples. 
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For the undoped samples, the sample CAS-1 still showed n-type conduction, while samples 

CAS-2 and CAS-3 transitioned from n-type to p-type conduction with increasing temperature. 

The sign change of 𝑆 in the CAS system has been thoroughly studied using various growth 

conditions by Wang et al. [9] and Zuo et al. [10]. The n-type conduction CAS can be obtained 

in stoichiometric CAS [9] or Se and Ag deficient conditions [10]. In contrast, the p-type 

conduction CAS can be obtained in slightly Ag deficient, Cu deficient, or excess Se (equal to 

Ag and Cu deficient) conditions [9] as well as excess Se /Ag deficient conditions [10]. Except 

for the stoichiometric CAS growth condition, all growth conditions resulted in secondary 

phases such as CuSe, Ag2Se, and Ag [9]. The behavior of  𝑆 in our samples can be explained 

by their different growth conditions (soaking time). For the ‘growth from the melt’ method, 

chemical reactions between powders occurred in the heat up from room temperature. They then 

were further completed at high temperature (soaking temperature) depending on the soaking 

time. Note that Se is a volatile element that is in the vapor phase at our soaking temperature. 

We used the soaking time as a control parameter for these chemical reactions. Insufficient 

soaking time leads to poor Se growth conditions. Subsequently, some Se deficiencies were 

generated in the obtained sample. Our CAS-1 sample with a 130 h soaking time showed n-type 

conduction over the whole temperature range, in agreement with observations in [10].  

Meanwhile, the reactions progressed as the soaking time increased. In this case, more Se 

participated in the reactions, leading to a reduction in Se deficiencies. On the other hand, the 

probability of forming secondary phases, such as CuSe, Ag2Se also increased with soaking 

time, resulting in compound defects (Ag deficient and Cu deficient) in the sample [9,10]. The 

Ag and Cu deficiencies acted as acceptor dopants and provided extra holes to the crystal  [9].  

 We recall here that all our samples were obtained in a single phase. This observation is a 

typical advantage of the ‘growth from the melt’ method. Unlike other methods, the ‘growth 
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from the melt’ method provides enough time for complete chemical reactions. If some elements 

are excessive, they are exhibited on the top of the ingot. Therefore, no secondary phases were 

obtained in our samples. On the other hand, we can see from Fig. 4.2a that the transition 

temperature decreased with soaking time, 440 K for CAS-2 (165 h) and 373 K for CAS-3 (266 

h). Similar results have been observed in [9]. Other n- to p-type transition temperatures have 

been reported, 445 K in non-stoichiometric CAS [10] and 400 K in CAS [12]. This behavior 

can be explained due to the change of hole and electron contributions to the Seebeck coefficient 

in the bi-polar transport regime.  

The temperature-dependent 𝑆 curves for the Ni-, Co-, and Zn-doped CAS- 2 samples showed 

negative 𝑆 values in the whole temperature range, indicating the n-type conduction of these 

samples. As discussed above, the Ni, Co, and Zn elements were substituted into the Cu-sites in 

the CAS lattice. The elements (i.e., Ni, Co, and Zn) with two outermost electrons substituted 

into the site of Cu (with one outermost electron), resulting in extra electrons in the crystal. This 

substitution led to n-type conduction. Based on the above results, we conclude that the carrier 

type in the CAS was effectively controlled by either changing soaking time during growth or 

doping. 

The temperature-dependent electrical conductivity behaviors of all samples are shown in Fig. 

4.2b. As shown, the electrical conductivity decreases with temperature in the low-temperature 

β-phase, indicating the semi-metallic behavior of all samples. The electrical conductivity drops 

significantly above the phase transition temperature (470 K) in the high-temperature 

semiconducting α-phase, consistent with the trends of𝑆. In the low-temperature β-phase, the 

electrical conductivities of the samples CAS-2 and CAS-3 are smaller than those of CAS-1 and 

Ni-, Co-, and Zn-doped CAS-2. Smaller electrical conductivities have also been reported in 



66 
 

non-stoichiometric CAS compared to those of stoichiometric CAS [9]. Details related to the 

carrier concentration and carrier mobility of all samples at 300 K are indicated in Table 4.1. 

The calculated values of the power factor (PF) as a function of temperature for all samples are 

shown in Fig. 4.2c. The PF values of all samples in the low-temperature β-phase were much 

higher than that in the high-temperature α-phase due to the higher values of 𝑆 and σ. Our n-

type Ni-, Co-, and Zn-doped CAS-2 samples showed higher PF values than those of undoped 

samples over the whole temperature range. A maximum PF value of 26 μW cm-1 K-2 at 323 K 

was obtained for Zn-doped CAS-2.  

Figure 4.3 shows the temperature dependence of thermal diffusivity (D) and thermal 

conductivity (κ) for all the samples. Low values of thermal diffusivity and thermal conductivity 

were observed. A deviation in D and κ values was observed in the low-temperature β-phase. 

As mentioned above, our samples exhibited semi-metallic behavior in the low-temperature β-

phase, where the contribution of electrons to thermal transport is dominant. The deviations in 

D and κ values are due to the difference in the carrier mobility of the samples (Table 4.1). In 

the high-temperature α-phase, all samples showed lower values of D and κ than those in the 

low-temperature β-phase. This behavior was ascribed to the random distribution of the mixed 

Cu and Ag atoms over tetrahedral sites in the liquid-like lattice structure of the α-phase, which 

weakens the thermal transport of the material. The thermal conductivity of the sample CAS-1 

decreased from 3.06 W m-1 K-1 at 300 K to 2.61 W m-1 K-1 at 423 K. After the phase transition, 

the thermal conductivity of the sample CAS-1 rapidly decreased with temperature to the lowest 

value of 0.45 W m-1 K-1 at 523 K and then slightly increased to 0.83 W m-1 K-1 at 773 K. 
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Interestingly, the thermal conductivity value of the α-phase CAS-1 was significantly lower than 

that of α-Cu2Se in this temperature range (1.0 W m-1 K-1 at T ~ 550 K) [6].  

The temperature-dependent behaviors of the dimensionless TE figure of merit (𝑍𝑇) values for 

all samples are shown in Fig. 4.4a. Much higher 𝑍𝑇  values were observed in the high-

temperature α-phase than those in the low-temperature β-phase due to the lower thermal 

conductivities of the α-phase. We obtained a maximum 𝑍𝑇 value of 0.69 at 623 K in the n-type 

CAS-1 sample. The curves show that Zn is a promising dopant for n-type CAS with enhanced 

Fig. 4.3 Temperature dependence of (a) thermal diffusivity (D) and (b) thermal conductivity 

(κ) of the CAS-1, CAS-2, CAS-3, and the Ni-, Co-, Zn-doped CAS-2 samples. 
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𝑍𝑇  values of 0.68 at 623 K and 0.6 at 773 K, respectively. Since we did not focus on 

determining the doping concentration and effect of soaking time on thermoelectric properties 

of CAS, a study of the effects of doping concentration and soaking time is left for future work. 

To enhance the conversion efficiency and working temperature range of TE devices, different 

n-type (p-type) TE materials with different working temperature ranges were segmented 

together in the n-type (p-type) leg. These devices are called segmented thermoelectric devices 

[20]. In order to determine suitable segmentation partners for a TE material, the thermoelectric 

compatibility factor of a TE material was calculated using Eq. (2) [21], 

𝛼 =  
√1 + 𝑍𝑇 − 1

𝑆𝑇
   (2) 

where 𝑆 is the Seebeck coefficient, and 𝑇 is the absolute temperature.  

Two TE materials are suitable for segmentation if their TE compatibility factor ratio is smaller 

than 2. Smaller TE compatibility factor ratios indicate that the materials are more suitable for 

segmentation. The calculated compatibility factor values as a function of temperature for all 

samples calculated using Eq. (2) are shown in Fig. 4.4b. As shown, the compatibility factors 

of all samples are nearly independent of temperature in the mid-temperature range (α-phase) 

with average absolute values of 1.7 V-1. Thus, our samples are suitable for segmentation with 

other TE materials in the high-temperature range, such as Si0.78Ge0.22 and La3Te4 for the n-type 

leg and SiGe and half-Heusler alloy for the p-type leg.  



69 
 

 

Fig. 4.4 (a) Thermoelectric figure of merit (ZT) value and (b) the thermoelectric 

compatibility factor as a function of temperature for the CAS-1, CAS-2, CAS-3, and the Ni-, 

Co-, Zn-doped CAS-2 samples. 
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4.4 Conclusions 

In this study, single-phase undoped and Ni-, Co-, and Zn-doped CuAgSe were successfully 

grown using the ‘growth from the melt’ method. We experimentally showed that the carrier 

type in the CuAgSe semiconductor could be effectively controlled by changing soaking time 

or doping. The carrier type of CuAgSe was switched from the native n-type to the non-

stoichiometric p-type by increasing the soaking time during growth. In contrast, when Ni, Co, 

and Zn were doped into the host lattice, the samples always retained their n-type behavior. We 

also obtained a maximum thermoelectric figure of merit (𝑍𝑇) value of 0.69 at 623 K in undoped 

n-type CuAgSe. Zn is a promising dopant for n-type CuAgSe with a 𝑍𝑇 value of 0.68 at 623 

K.  
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Chapter 5. Huge anisotropy transport properties in 

α-In2Se3 single crystal 

Using the temperature gradient method, α-In2Se3 single crystals were successfully grown. 

Samples prepared using this method exhibited good crystallinity and huge anisotropic 

properties with regard to both their electrical resistivity and Seebeck coefficient. The in-plane 

vs. out-of-plane electrical resistivity anisotropic-ratio was approximately 490,000 at 20 K, 

43,300 at 300 K, and 3,650 at 400 K. The in-plane and out-of-plane Seebeck coefficient values 

were 252 μV.K-1 and 397 μV.K-1 at 400 K, respectively. This huge anisotropy was primarily 

due to the anisotropic activation energy and anisotropic mobility. 

5.1 Introduction 

Layer-structured materials have recently attracted considerable attention due to many of their 

intriguing properties; for example, SnSe and Cu2Se with high figure of merit (ZT) concerning 

thermoelectric applications [1–4] and semiconductor transition metal dichalcogenides MX2 (M 

= Mo, W; X = S, Se) for photonic and optoelectronic devices [5]. Additionally, binary 

chalcogenide semiconductors of type III-VI with group VI elements S, Se, and Te have been 

extensively studied in the last decade, and the potential of indium selenides has revived their 

interest [6–9]. Due to the extraordinary and tunable electrical and thermal properties of indium 

selenides, materials such as In4Se3 have been developed as highly efficient thermoelectric 

materials. Single crystalline and polycrystalline In4Se3 materials have been reported with a high 

ZT of 1.53 at 425 C [10] and 1.4 at 460 C [11]. The physical properties of indium selenides 

were primarily determined by their intrinsic structural characteristics such as their composition, 

phase, crystal structure, and structural imperfections. From a structural point of view, indium 



75 
 

selenides belong to a complex system with different stoichiometric ratios such as In4Se3, In2Se3, 

InSe, In6Se7, and In3Se4.  

Furthermore, even within a particular stoichiometric ratio, different phases and crystal 

structures may co-exist. In2Se3 can exist in the form of multiple crystalline phases such as the 

rhombohedral α-phase, the rhombohedral β-phase, the defect wurtzite γ-phase, and the 

hexagonal δ-phase [12,13]. Single crystalline α-In2Se3 possesses a layered structure with 

tetrahedral covalent bonding between the In and Se of Se-In-Se-In-Se [14], which is considered 

to be a spontaneous superlattice along with the out-of-plane layers [12]. Since the surface of 

each layer is terminated with Se atoms, layers are linked to each other by weak van der Waals 

interactions. However, the interlayer van der Waals interactions are much weaker than in-plane 

covalent bonds, leading to highly anisotropic structural, electrical, optical, and mechanical 

properties [15–17]. Recently, many defects in In2Se3 crystals [18] and their effect on 

anisotropic charge transport properties have been reported. The anisotropic conductivity in Mn, 

Cd, I, and Cu-doped In2Se3 has also been observed by Kaminskii et al. [17–19]and Zaslokin et 

al. [16]. The electrical conductivity along layers is much more excellent than across layers. The 

anisotropy in temperature-dependent conductivity has been used to evaluate the energy barrier 

height between the layers in the crystal. In layer-structured In2Se3 nanowires, Peng et al. [14] 

observed a large anisotropy of electrical conductivity up to 103 – 106 at room temperature. 

Nevertheless, the anisotropic ratio concerning the electrical resistivity of α-In2Se3 bulk single 

crystals was not high, and the anisotropic Seebeck coefficient has not been thoroughly 

investigated. 

In2Se3 has been studied by many different methods such as the Bridgman method, MBE, and 

sputtering, etc. [17,20,21]. The temperature gradient method is well known as a simple method 

used to grow binary compounds. In this study, the growth of In2Se3 single crystals by the 
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temperature gradient method is presented. The crystal structure, optical properties, and 

anisotropic transport properties of single-crystalline α-In2Se3 were experimentally investigated. 

A strong electrical resistivity and Seebeck coefficient dependence concerning crystallographic 

directions were concluded to be observed. 

5.2 Experiments 

α-In2Se3 single crystals were grown by the temperature gradient method using a mixture of In 

(powder, 99.99%, Alfa Aesar) and Se (powder, 99.5%, Alfa Aesar). The powders were first 

weighed and loaded into thick-walled quartz ampules. The ampules were then evacuated and 

sealed under the pressure of 10-3 Torr. Next, they were placed into a vertical electrical furnace 

and slowly heated to form a single-phase In2Se3. The temperature was raised to 1248 K, 

followed by a 16-hour soak. For single crystal growth, the temperature was slowly cooled by 

1 K/h to a point below the melting temperature (1153 K for In2Se3) and after that by 30 K/h to 

room temperature. Single crystals that were about 35 to 37 mm in length and 13 mm in diameter 

were obtained. 

The crystal structure was investigated via X-ray diffraction (XRD) using Cu Kα radiation (λ = 

0.1540598 nm) with a scan rate of 2°min-1 to record patterns between the angle range of 10 – 

120°. Layered structures in the α-In2Se3 single crystals were observed via field emission 

scanning electron microscopy (FESEM) at 15 kV. The composition was determined using 

energy dispersive X-Ray spectroscopy (EDS). A 473 nm Ar-ion laser was used for 

photoluminescence studies at room temperature. Raman spectra were obtained at room 

temperature with a DXR Raman microscope (Thermo Scientific, USA), which was equipped 

with a 532 nm laser. The laser power was 5 mW to obtain a good signal to noise ratio. Both 

electrical conductivity and Seebeck coefficient measurements were obtained using a physical 

property measurement system (PPMS) within the temperature range of 20 to 400 K. 
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5.3 Results and discussion  

The XRD pattern of a cleaved In2Se3 single crystal can be seen in Fig. 5.1. Peak assignments 

for α-In2Se3 were determined with the help of powder diffraction standards (JCPDS) with file 

number 34-0455 (Rhombohedral, α-In2Se3). All peaks were slightly shifted toward higher 

angles. The main (00l) diffraction peaks (l = 6, 9, 12, 15, 18…) indicated single-crystal 

structures of the grown sample. Using powder XRD measurements of powdered α-In2Se3 (Fig. 

S5.1, supplementary), the lattice parameters of bulk α-In2Se3 single crystals were calculated as 

a = 4.032 Å and c = 28.705 Å. On the other hand, we could not see any secondary phases in 

our sample from the PXRD data.  

The layered structures of α-In2Se3 were investigated via field-emission scanning electron 

microscopy, as depicted in Fig. 5.2. The FE-SEM image showed an ordered layer array of α-

In2Se3. X-ray EDS acquired from the surface exhibited strong In and Se peaks; the atomic ratio 

Fig. 5.1 XRD pattern of single-crystalline α-In2Se3. The photo is of α-In2Se3 single crystals. 
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of In to Se was close to 2:3 as expected. We concluded that we grew rhombohedral α-In2Se3 

single crystals using the temperature gradient method.  

The room temperature photoluminescence spectra of single-crystalline α-In2Se3 were obtained 

as seen in Fig. 5.3. Interestingly, the PL signal in single-crystalline α-In2Se3 was located at 

around 1.39 eV. The bandgap of single-crystalline α-In2Se3 with excess indium was reported 

to be 1.354 eV at 5 K by Ref.[22], which was smaller than that of our single crystal by 0.036 

eV. Raman spectroscopy of laminar chalcogenide α-In2Se3 can be seen in Fig. 5.4. A peak 

appearing at the lowest frequency (107 cm-1) assigned to the A1
1g (LO+TO) mode was 

attributed to shear vibrations of one layer against others along the c-axis. The A2
1g (TO) and 

A2
1g (LO) modes observed at 186 and 196 cm-1 were assigned to intra-layer vibrations. This 

Fig. 5.2 FE-SEM image of single-crystalline α-In2Se3. 
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pattern indicated the formation of single-crystalline α-In2Se3 structures that have been 

previously reported in the literature [23,24].  

 

 

Fig. 5.3 Room temperature photoluminescence of single-crystalline α-In2Se3. 
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The electrical resistivity was examined in two crystallographic directions to investigate the 

anisotropy of electrical resistivity in single-crystalline α-In2Se3. Figure 5.5a illustrates the 

temperature dependence of the in-plane (ρa) and out-of-plane (ρc) electrical resistivity of single-

crystalline α-In2Se3. The anisotropic ratio concerning electrical resistivity was ρc/ρa ~ 3,650 at 

400 K and increased with a reduction in temperature to about 43,300 at 300 K and 490,000 at 

20 K. This huge anisotropy in the electrical resistivity of α-In2Se3 was greater than that of other 

layered structure materials. For example, the anisotropy ratio was ρc/ρa ~ 12.80 for SnS2 and 

6.92 for SnSe2 at 300 K, as reported in Ref. [25]. Additionally, the anisotropy ratio of single-

Fig. 5.4 Raman shift of single-crystalline α-In2Se3. 
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crystalline Bi2Te3 at room temperature was around 4, smaller than that of single-crystalline α-

In2Se3 [26].  

Both ρa and ρc exhibited a thermally activated temperature dependence of equation (1): 

ρ = ρ0 exp (ΔEg/kBT)  (1) 

where kB is the Boltzmann constant, ρ0 is the temperature-independent factor, and ΔEg is the 

activation energy. Figure 5.5b shows an Arrhenius plot of the in-plane and out-of-plane 

electrical resistivity of single-crystalline α-In2Se3 from 300 to 400 K. The in-plane activation 

energy was calculated to be about 0.076 eV, which was different from that of the out-of-plane 

Fig. 5.5 (a) Temperature dependence of the in-plane and out-of-plane electrical resistivity of 

single-crystalline α-In2Se3. (b) Arrhenius plot of the in-plane and out-of-plane electrical 

resistivity values of single-crystalline α-In2Se3 from 300 to 400 K. 



82 
 

direction, 0.338 eV. The observed activation energy strongly depended on the direction of the 

sample. 

It was well known that within layered α-In2Se3, interlayer van der Waals interactions were 

much weaker than intralayer covalent bonds, resulting in a highly anisotropic electronic band 

structure. Additionally, the observed activation energy dependence concerning sample 

direction could be explained using the anisotropic electronic band structure. However, a 

detailed analysis of the electronic band structure properties of α-In2Se3 from a theoretical point 

of view has not yet been completed. Li et al. [27] calculated the electronic band structure of α-

In2Se3 with a rhombohedral primitive cell. The α-In2Se3 phase was observed in an n-type 

semiconductor with highly dispersive conduction bands (small effective electron mass) and flat 

valence bands. The effective electron mass along the in-plane direction was slightly smaller 

than that along the out-of-plane direction. The anisotropic electrical resistivity ratio between 

the two directions was shown to be not far from our experimental results. Our experimental 

anisotropic electrical resistivity yielded the opposite side with a huge ratio. It was therefore 

concluded that other factors should be carefully considered to match the experimental results 

of the theoretical calculations for electronic band structures. Furthermore, the presence of weak 

van der Waals coupling between layers promotes empty indium sites. On the other hand, 

defects of α-In2Se3 were not only cationic vacancies (VIn) but also other defects such as 

interstitial In atoms (Ini) and anionic Se vacancies (VSe) [18]. Thus, anisotropic electrical 

resistivity in the layered crystal was due to specific energy bands and structural defects in the 

electrical transport process, as reported in Ref. [19]. Therefore, it was believed that the high 

anisotropic electrical resistivity was probably due to the bonding of the layered crystal structure 

and the influence of defects located between layers and within the α-In2Se3 single crystals.  
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Seebeck coefficients (S) were also measured along with two crystallographic directions. A 

temperature gradient was applied to the sample while the voltage was measured in the same 

direction. Figure 5.6a shows the in-plane Sa and out-of-plane Sc. We observed that the values 

of Sc exceeded the values of Sa, which reflected the anisotropic nature in single-crystalline α-

In2Se3; for example, Sa = -252 μV.K-1, while Sc = -397 μV.K-1 at 400 K. The sign of both the 

Sa and Sc coefficients were negative throughout the temperature range, indicating n-type 

dominant conduction. The magnitude of the Seebeck coefficients increased with temperatures 

between the range of 20 to 400 K. Interestingly, the Seebeck coefficients increased with 

temperature while the electrical resistivities decreased; thus, the power factors increased with 

temperature, as seen in Fig. 5.6b. 
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Figure 5.7a shows 𝑉𝐻 𝐼⁄  vs. the magnetic field (H) for single-crystalline α-In2Se3 at selected 

temperatures. The Hall resistance shows that α-In2Se3 exhibited a negative slope in the 

𝑉𝐻 𝐼 ⁄ versus 𝐻curve, indicating that electrons were major carriers for conductivity. The carrier 

concentrations of the samples were calculated using equation (2), and the slope of 𝑉𝐻 𝐼⁄  vs. 𝐻, 

as shown in Fig. 5.7b. 

𝑉𝐻 𝐼⁄ =  (1 𝑛𝑒𝑡⁄ )𝐻  (2) 

Here, 𝑉𝐻 is the Hall voltage, 𝐼 is current, n is the number of carriers, 𝑒 is the electrical charge, 

𝐻 is the magnetic field, and 𝑡 is the thickness of the sample. The electron carrier concentration 

of the sample increased with temperature, as illustrated in Fig. 7b, which was typical of 

Fig. 5.6 Temperature dependence of the in-plane and out-of-plane (a) Seebeck coefficient 

and (b) power factor. 
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semiconducting behavior; for example, 5.5 × 1017 and 8.6 × 1017 cm-3 at 300 and 400 K, 

respectively. Simultaneous measurements of the electrical conductivity and Hall effect 

permitted us to investigate the influence of carrier mobility as presented in Fig 5.7c. The 

electron mobility along the in-plane direction was much higher than that along the out-of-plane 

direction. Additionally, the mobility along the out-of-plane was enhanced more dramatically 

above 300 K.  



86 
 

 

 

Fig. 5. 7 (a) VH/I vs. magnetic field curves for single-crystalline α-In2Se3 at various 

temperatures. (b) The temperature-dependent carrier concentration of α-In2Se3 single 

crystals. (c) Temperature dependence of the in-plane and out-of-plane electrical mobilities. 
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5.4 Conclusion 

In this study, α-In2Se3 single crystals were successfully synthesized. We observed large 

anisotropic transport properties in the α-In2Se3 single crystals. The in-plane vs. out-of-plane 

anisotropic-ratio in electrical resistivity was approximately 490,000 at 20 K, 43,300 at 300 K, 

and 3,650 at 400 K. This huge anisotropy in transport phenomena could be attributed to the 

anisotropic activation energy and huge anisotropic mobility in both d irections.  

5.5 Supplementary figures 
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Chapter 6. Growth & Un-stability characteristic of    

β-InSe single crystal 

(TO BE CONTINUED) 

We report on the un-stability characteristic of InSe single crystal, grown by using a temperature 

gradient technique.  The sample was crystallized in the hexagonal β-InSe phase with a layered 

structure, confirmed by X-ray diffraction, Raman scattering, and scanning electron microscopy 

studies. Intriguingly, we observed a discontinuous decrease in electrical resistivity with the 

temperature. Temperature-dependent structural and specific heat capacity studies indicated that 

no phase transition occurred. Using a scanning tunneling microscopy study, we have found that 

the number and size of defects in the β-InSe single-crystal increased with temperature. On the 

other hand, the cleaved surface and defects were changed under an applied bias voltage. This 

un-stability characteristic of β-InSe is attributed to the weak In-Se bond in the quadruple slab 

of β-InSe. The un-stability characteristic leads to a discontinuity variation of electrical 

resistivity of InSe with temperature. Our work provided extremely important information for 

realizing InSe in applications such as in devices using an electric field, FET. The origination 

of the un-stability characteristic will be discussed since this work is not finished yet. 

6.1 Introduction 

Two dimensional (2D) materials offer fascinating opportunities in the field of microelectronic 

and optoelectronic devices due to their novel properties such as finite bandgap and flexibility. 

On the other hand, for some indirect bandgap 2D semiconductors, it is possible to convert to a 

direct bandgap by reducing thickness, enabling them for optoelectronics and photodetection 

applications. After discovering graphene, various 2D materials have been experimentally and 
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theoretically explored, including transition metal dichalcogenides (TMDCs), hexagonal boron 

nitride (hBN), black phosphorus, and III-VI semiconductors, etc.  The TMDCs, such as MoS2 

and WSe2, are undesirable material for high mobility devices because of a heavy electron 

effective mass (m* = 0.45m0)[1] and a low room temperature mobility of 200 cm2 V-1 s-1 for 

monolayer TMDCs[2]. Black phosphorus shows higher carrier mobility at room temperature, 

about 1995 cm2 V-1 s-1 for a few-layer[3], but it is less stable than graphene and MoS2 due to 

its rapid oxidation in ambient conditions. For applications, indirect to direct bandgap 

conversions have been successfully realized in monolayer and few layers of some TMDCs such 

as MoS2, WS2, MoSe2, and WSe2[4,5]. 

Among these 2D materials, InSe is a new promising platform for developing high-speed 

electronic devices due to its small effective mass (m* = 0.14m0), high electron mobility 

(exceeds 103 cm2 V-1 s-1
 and 104 cm2 V-1 s-1 at room and liquid-helium temperatures, 

respectively)[6], flexibility, and ambient stability[7]. InSe exhibits a layered structure, where 

each layer contains sublayers, closely packed with two In and two Se in a stacking sequence 

Se-In-In-Se, whereas the bonding between two adjacent layers is the weak Van der Waals 

type[8]. Therefore, InSe usually presents a strong anisotropy characteristic. On the other hand, 

InSe can crystallize in hexagonal (β- and ε-InSe) or rhombohedral (γ-InSe) layered crystal 

structures that differ stacking of the quadruple-layers[9]. The crystal structure of β- and ε-InSe 

shows ABAB stacking, while the ABCABC stacking exists in the rhombohedral γ-InSe 

structure. The hexagonal β- and ε-InSe phases show similar lattice parameters of a = 4.005 Å 

and c = 16.640 Å. They can be distinguished by using the Raman technique[9,10]. The 

rhombohedral γ-InSe belongs to the R3m space group with lattice parameters of a = 4.005 Å 

and c = 24.960 Å[11]. Furthermore, the β and γ-InSe phases exhibit direct bandgap (Eg = 1.25 

and 1.29 eV), which is of vital interest for InSe-based optoelectronic devices[12–15]. Recently, 

InSe has been reported with outstanding efficiency optoelectronic devices[16,17]. InSe-based 
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photodetectors have been reported as the most efficient among 2D materials[18]. So far, β-InSe 

has been known as the most stable phase of InSe. The ambient stability of InSe-based FETs 

has been demonstrated. The FET with uncapped InSe active channel exhibits a p-type transport 

due to environmental doping (H2O) at defects sites, while FET with hBN capped InSe active 

channel exhibit ambipolar transport[7]. However, more insightful investigations on this issue 

under different applied extreme conditions are needed to be revealed. For the growth of InSe 

single crystal, molecular beam epitaxy (MBE)[19], flash evaporation[20], chemical vapor 

deposition[21], Czochralski[22], and Bridgman-Stockbarger[23] techniques, etc., have been 

mostly used. 

In this work, we provide more insight investigations from macroscopic to microscopic scale on 

InSe single-crystal stability, grown by using a temperature gradient technique. The temperature 

gradient technique provided excellent InSe ingot, which crystallized in the hexagonal β-InSe 

phase. Scanning tunneling microscopy (STM) studies demonstrated an un-stability 

characteristic of the β-InSe single crystal where defects and surface of InSe can be modified 

under an applied bias voltage and a change of temperature. This un-stability characteristic of 

β-InSe led to a discontinuity in its transport property. This information is extremely important 

for InSe-based devices, concerning the electric field or temperature change such as FETs, 

thermoelectric modules, etc., as well as for understanding the intrinsic properties of InSe. 

6.2 Experimental 

InSe single crystals were grown by the temperature gradient technique using a mixture of In 

(powder, 99.99%, Alfa Aesar) and Se (powder, 99.5%, Alfa Aesar) raw materials without any 

further treatment. The raw powders were weighed in an appropriate stoichiometry. After that, 

the materials were loaded into a thick-walled quartz ampoule, evacuated, and sealed under the 

pressure of ~ 10-4 Torr. The ampoule was then loaded into another bigger quartz ampoule, 
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evacuated, and sealed to prevent the sample from oxidation when the inner ampoule was broken 

due to different thermal expansion coefficients between materials and quartz. Subsequently, 

the ampoules were placed in a vertical electrical furnace. The furnace was slowly heated up to 

1023 K in 100 h, soaked at this temperature for 16 h to ensure a complete reaction. The furnace 

was then slowly cooled down from 1023 to 723 K at a rate of 1 K h-1. Note that the melting 

point of InSe is 873 K. This slowly cool down across the compound’s melting point process 

ensures a high-quality single crystal growth in an equilibrium state. Finally, it was cooled down 

to room temperature at a rate of 20 K h-1. Excellence InSe ingot was obtained with about 25 

mm in length and 13.5 mm in diameter. 

The crystal structure of the sample at some selected temperatures was investigated by using the 

X-ray diffraction (XRD) taken on a cleaved plane along with small-angle X-ray diffraction 

operating at 40 kV and 30 mA. Cu Kα radiation (λ = 0.154060 nm) with a scanning rate of 2° 

min-1 was used to record the patterns in the angle range of 10 to 80°. For phase determination, 

powder XRD of the ground sample was taken at room temperature. Field emission scanning 

electron microscopy (FE-SEM) at 10 kV was used to investigate the sample’s microstructure. 

The actual composition was determined by the Energy Dispersive X-Ray Spectroscopy (EDS). 

Room temperature Raman spectroscopy was used for better phase verification using the DXR 

Raman Microscope (Thermo Scientific, USA), which was equipped with a laser wavelength of 

532 nm. To obtain a good signal-to-noise ratio, the necessary laser power of 1.5 mW was used. 

The electrical resistivity was measured along in-plane direction using a colinear four-probe 

configuration in the temperature range of 20 – 400 K. Specific heat capacity of the sample was 

carried out by using PPMS system in the temperature range of 20 – 300 K. For the STM study, 

a single crystal InSe sample was transferred into the home-built low-temperature STM system 

(base pressure of ~ 7 x 10-11 Torr) and cleaved in-situ to obtain clean surfaces. Tungsten tips 
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were prepared via electrochemical etching and cleaned with electron beam heating inside the 

UHV chamber. STM measurements were carried out at 280 K and 80 K.  

6.3 Results 

Figure 6.1a shows the XRD pattern of the sample, taken on a cleaved plane at room temperature. 

All diffraction peaks can be indexed, corresponding to the hexagonal crystal structure of β- and 

ε-InSe with space group P63/mmc (JCPDS-34-1431), and the rhombohedral crystal structure 

of γ-InSe with space group R3m (JCPDS-42-0919). The existence of only sharp (00l)-oriented  

peaks with the full width at half maximum of less than 0.2° is the hallmark of the high-quality 

single-crystalline InSe. The powder XRD pattern confirms that our sample was crystallized in 

a hexagonal phase since the presence of (118) peak located at 64.5° angle[9], as shown in Fig. 

6.1b. The determined lattice parameters of the sample are a = 4.012 Å and c = 16.576 Å, in 

agreement with previous reports[9,10]. On the other hand, no impurity peaks were observed 

within the detection limit of the XRD technique, confirming the high quality of our sample. 



97 
 

 

Raman spectroscopy is a powerful technique for structural and phase identifications, room 

temperature Raman spectroscopy has been conducted and presented in Fig. 6.1c. The Raman 

spectrum of InSe single-crystal exhibits three Raman active modes, namely, A1
1g mode at 114 

cm-1, E1
1g mode at 176 cm-1, and A2

1g mode at 226 cm-1. The E1g mode corresponds to in-plane 

vibration modes, while the A1g modes belong to out-of-plane vibration modes of the Se-In-In-

Se planes. No Raman peak at about 202 cm-1 was observed, which has been known as a 

characteristic peak of the non-centrosymmetric ε and γ phases[9,17]. This observation indicates 

that our sample is crystallized in a single β-phase of InSe. Based on the XRD and Raman data, 

we conclude that we have successfully grown the high-quality β-InSe single crystal. 

Fig. 6.1 (a) X-ray diffraction pattern taken on the β-InSe cleaved plane; (b) Powder X-ray 

diffraction pattern of ground β-InSe sample; (c) Raman spectrum taken on the β-InSe cleaved 

plane; (d) FE-SEM image of the cleaved β-InSe single crystal. 
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 Figure 6.1d shows the FE-SEM image of our β-InSe single crystal. The image indicates a 

lamellar micro-structure of InSe, resulted from the stacking of exfoliated nano-sheets. EDS 

data (not shown) confirms that our sample is indeed InSe composition. 

Figure 6.2a illustrates the temperature dependence of the in-plane electrical resistivity of the 

single-crystalline β-InSe. The electrical resistivity decreases with temperature, indicating the 

semiconducting behavior of our sample. Interestingly, the electrical resistivity discontinuously 

decreases with the temperature at 80 K and 235 K. With the cooling and heating measurements,  

and we observed that the discontinuity is reversible, as shown in Fig. 6.2b. The abnormal 

change in the electrical resistivity with temperature has been mostly attributed to phase 

transition (first- or second-order). On the other hand, it has been well known that defects play 

a dominant role in semiconductor’s physical properties. Thus, the discontinuity in the transport 

properties of our β-InSe single crystal may also be due to a change of defects. 
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To investigate any phase transition that occurred at 80 and 235 K, we conducted temperature-

dependent XRD and specific heat capacity measurements, as shown in Fig. 6.3. Figure 6.3a 

shows XRD patterns, taken on the sample’s cleaved plane, at some selected temperatures; 150 

K, 250 K, and 300 K. The sample shows almost similar XRD patterns at different temperatures. 

The slight variation in peak position is assigned to the thermal expansion of InSe. The 

temperature dependence of the specific heat capacity of the β-InSe single crystal is presented 

in Fig. 6.3b. The specific heat capacity continuously varies with temperature. Thus, InSe has 

Fig. 6.2 (a) Temperature dependence of the in-plane electrical resistivity; (b) the reversibility 

of the in-plane electrical resistivity with the temperature of the β-InSe single crystal. 
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no phase transition in the investigated temperature range. These observations indicate that the 

discontinuity in the temperature-dependent in-plane electrical resistivity is not originated from 

the first/second-order phase transition. 

 

Fig. 6.3 Temperature dependence of (a) XRD patterns taken on the β-InSe cleaved plane and 

(b) specific heat capacity of the β-InSe single crystal. 

To further clarify the discontinuous change in the in-plane electrical resistivity at 235 K and 

80 K, we carried out a microscopic study on the β-InSe single crystal using a STM operating 

at 280 K and 80 K under an ultra-high vacuum environment (<10-10 Torr). The sample was 

cleaved in-situ to obtain a clean surface of the β-InSe single crystal. Figure 6.4a exhibits a 

typical STM topographic image for the β-InSe single crystal at 280 K. The spots indicate Se 

atoms, while In atoms located underneath are invisible. As shown in the STM image, there are 

dark areas present on the surface. Figure 6.4a also shows a high-resolution STM image at the 
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atomistic scale of a typical dark area, marked by a black square. The size of the dark area is 

about 5 nm. Inside this area, Se atoms are observed at lower positions compared to surrounding 

Se atoms. This observation can only be understood as the missing underneath atoms in the Se-

In-In-Se tetra layer, i.e., In atoms. Therefore, these dark areas represent In multi-vacancies. 

Interestingly, when the sample is cooled down to 80 K, the defects are eliminated and become 

smaller, as presented in Fig. 6.4b. The typical size of the defects is less than 3 nm at 80 K. Note 

that the STM images have been scanned at the same broad area at each temperature. This 

change of defects may be due to the movement of In interstitial atoms located in the sample 

from high energy interstitial positions to lower energy positions at In multi-vacancies when the 

temperature decreases. This hypothesis is possible because of the weak In-Se bond, which 

allows In atoms to be easily removed or added when the bond is broken by thermal energy. It 

has been reported that In interstitial is a source of the n-type characteristic in InSe[24]. We 

believe that the number of In interstitials is significant in our sample since it shows a negative 

Seebeck coefficient (Supplementary Fig. 6. S1). We attributed this defect evolution under 

temperature change as a reason for the discontinuity in the in-plane electrical resistivity of β-

InSe single crystal, mentioned above.  
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Figure 6.5 shows STM images of the sample taken at the same positions using the same 

scanning conditions at 280 and 80 K. As shown in the figure, and the surface shows many 

different images between the first and the second scan (Fig. 6.5a and 6.5b). Figure 6.5b shows 

an abnormal change of exfoliated edges marked by black dash lines. As shown in the right 

figure, the relative distance between edges decreases, and the upper edge becomes bright. 

Figure 6.5c and 6.5d show high-resolution STM images at defects position at 280 and 80 K, 

respectively. The contrast at defect position changes, indicating the change in number In 

missing atoms, leading to a change in Se atoms’ height. This change may be attributed to the 

movement of In interstitial atoms, mentioned above, under applied bias voltage. However, we 

cannot explain the movement of exfoliated edges at this moment. 

Fig. 6.4 STM images taken on the cleaved plane of the β-InSe single crystal and high-

resolution STM image taken at one of the defects (marked with a dotted ellipse) at (a) 280 K 

and (b) 80 K. 
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Based on the above observations, we conclude that β-InSe is an unstable material under a 

temperature change or an applied bias voltage. 

6.4 Conclusion 

In conclusion, the high-quality single-crystalline β-InSe was successfully grown by using the 

temperature gradient technique. We have provided insight investigations on the stability of the 

β-InSe single crystal. Scanning tunneling microscopy (STM) studies demonstrated an un-

stability characteristic of β-InSe single crystal under an applied bias voltage and a change of 

temperature due to the weak In-Se bonds. This un-stability characteristic of β-InSe was 

attributed to the discontinuity in its transport property. More detail about the un-stability 

characteristic of β-InSe will be discussed. By this work, we temporarily conclude that β-InSe 

is an unstable material that is good for InSe-based devices, concerning the electric field or 

temperature change such as FETs, thermoelectric modules, etc., as well as for understanding 

intrinsic properties of InSe.  

Fig. 6.5 STM images of sample taken at same positions using the same scanning conditions at 

(a) 280 (V =10 mV, It = 50 pA); (b) 80 K (V = 3 V, It = 50 pA); (c) 280 (V =10 mV, It = 50 

pA); and (d) 80 K (V = 1 V, It = 50 pA). 
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6.5 Supplementary figures 
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Chapter 7. Conclusions 

The single-phase undoped and Ni-, Co-, and Zn-doped poly-crystalline CuAgSe, the single 

crystalline α-In2Se3, and β-InSe, which were grown by using the temperature gradient technique, 

were carried out. The carrier type of CuAgSe was switched from the native n-type to the p-type 

by increasing the soaking time during growth. In contrast, when Ni, Co, and Zn were doped 

into the host lattice, the samples always retained their n-type behavior. The maximum ZT value 

of 0.69 (0.56) at 623 K (673 K) in undoped n-type (p-type) CuAgSe was obtained. Zn is a 

promising dopant for n-type CuAgSe with a ZT value of 0.68 at 623 K. The effects of the 

doping concentration and the soaking time on thermoelectric properties will be studied in the 

next steps of the research. It is also found that a large anisotropic transport property in the α-

In2Se3 single crystal was approximately 490,000 at 20 K, 43,300 at 300 K, and 3,650 at 400 K. 

This huge anisotropy in transport phenomena could be attributed to the anisotropic activation 

energy and huge anisotropic electron mobility between two directions. Additionally, a 

modification of the cleaved surface and defects by a temperature change or an applied voltage 

was observed in β-InSe, indicating an un-stability characteristic of β-InSe due to the weak In-

Se bond in the quadruple slab. The un-stability characteristic of β-InSe leads to a discontinuity 

variation of electrical resistivity with temperature. I will continue this work to find the 

origination of un-stability characteristics of β-InSe. Also, optimizing the TE performance for 

the α-In2Se3 and β-InSe single crystals is necessary for future work. 


	Chapter 1. Introduction 
	1.1 Description of the research
	1.2 List of publications
	1.3 References

	Chapter 2. Background
	2.1 Physical phenomena of thermoelectricity
	2.1.1 The Seebeck effect 
	2.1.2 The Peltier effect 
	2.1.3 The Thomson effect 
	2.1.4 Kelvin relation
	2.1.5 Thermoelectric figure of merit

	2.2 Thermoelectric devices
	2.2.1 Thermoelectric module 

	2.3 Thermoelectric material research 
	2.3.1 Brief thermoelectricity of layered chalcogenides
	2.3.2 Overview of CuAgSe
	2.3.3 Overview of In2Se3
	2.3.4 Overview of InSe

	2.4 References

	Chapter 3. Experiments
	3.1 PID temperature controller
	3.2 Heat transfer mechanism
	3.3 Single crystal growth
	3.3.1 Bridgman technique (Bridgman-Stockbarger technique)
	3.3.2 Temperature gradient technique

	3.4 Transport properties measurement system in our lab
	3.4.1 Low-temperature measurement system
	3.4.2 High-temperature measurement system

	3.5 Characterizations
	3.5.1 X-ray diffraction (XRD)
	3.5.2 Scanning Tunneling Microscope(STM)
	3.5.3 Raman spectroscopy
	3.5.4 Photoluminescence (PL) 
	3.5.5 Specific heat capacity
	3.5.6 Thermal diffusivity and thermal conductivity: LFA, ZEM 3

	3.6 Measurement’s errors 
	3.6.1 Electrical conductivity measurement’s errors
	3.6.2 Seebeck coefficient measurement’s errors
	3.6.3 Thermal conductivity measurement’s errors
	3.6.4 Power factor’s errors 
	3.6.5 Figure of merit’s error 
	3.6.6 Errors of ZEM 3

	3.7 References

	Chapter 4. Carrier control in CuAgSe by growth process or doping 
	4.1 Introduction 
	4.2 Experiments
	4.3 Results and discussion
	4.4 Conclusions 
	4.5 References

	Chapter 5. Huge anisotropy transport properties in α-In2Se3 single crystal
	5.1 Introduction 
	5.2 Experiments
	5.3 Results and discussion.
	5.4 Conclusion
	5.5 Supplementary figures
	5.6 References 

	Chapter 6. Growth & Un-stability characteristic of β-InSe single crystal
	6.1 Introduction
	6.2 Experimental
	6.3 Results
	6.4 Conclusion
	6.5 Supplementary figures
	6.6 References

	Chapter 7. Conclusions


<startpage>17
Chapter 1. Introduction  1
 1.1 Description of the research 1
 1.2 List of publications 4
 1.3 References 5
Chapter 2. Background 8
 2.1 Physical phenomena of thermoelectricity 8
  2.1.1 The Seebeck effect  8
  2.1.2 The Peltier effect  10
  2.1.3 The Thomson effect  11
  2.1.4 Kelvin relation 13
  2.1.5 Thermoelectric figure of merit 14
 2.2 Thermoelectric devices 15
  2.2.1 Thermoelectric module  15
 2.3 Thermoelectric material research  18
  2.3.1 Brief thermoelectricity of layered chalcogenides 18
  2.3.2 Overview of CuAgSe 20
  2.3.3 Overview of In2Se3 21
  2.3.4 Overview of InSe 23
 2.4 References 25
Chapter 3. Experiments 32
 3.1 PID temperature controller 32
 3.2 Heat transfer mechanism 33
 3.3 Single crystal growth 35
  3.3.1 Bridgman technique (Bridgman-Stockbarger technique) 35
  3.3.2 Temperature gradient technique 38
 3.4 Transport properties measurement system in our lab 39
  3.4.1 Low-temperature measurement system 39
  3.4.2 High-temperature measurement system 42
 3.5 Characterizations 42
  3.5.1 X-ray diffraction (XRD) 42
  3.5.2 Scanning Tunneling Microscope(STM) 44
  3.5.3 Raman spectroscopy 45
  3.5.4 Photoluminescence (PL)  46
  3.5.5 Specific heat capacity 47
  3.5.6 Thermal diffusivity and thermal conductivity: LFA, ZEM 3 48
 3.6 Measurement’s errors  49
  3.6.1 Electrical conductivity measurement’s errors 50
  3.6.2 Seebeck coefficient measurement’s errors 51
  3.6.3 Thermal conductivity measurement’s errors 52
  3.6.4 Power factor’s errors  52
  3.6.5 Figure of merit’s error  53
  3.6.6 Errors of ZEM 3 53
 3.7 References 53
Chapter 4. Carrier control in CuAgSe by growth process or doping  55
 4.1 Introduction  55
 4.2 Experiments 58
 4.3 Results and discussion 59
 4.4 Conclusions  70
 4.5 References 70
Chapter 5. Huge anisotropy transport properties in α-In2Se3 single crystal 74
 5.1 Introduction  74
 5.2 Experiments 76
 5.3 Results and discussion. 77
 5.4 Conclusion 87
 5.5 Supplementary figures 87
 5.6 References  87
Chapter 6. Growth & Un-stability characteristic of β-InSe single crystal 92
 6.1 Introduction 92
 6.2 Experimental 94
 6.3 Results 96
 6.4 Conclusion 103
 6.5 Supplementary figures 104
 6.6 References 104
Chapter 7. Conclusions 109
</body>

