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Abstract 

The development of renewable energy is yielding very promising results. However, fossil 

fuels will continue to be the world's primary source of energy for the near future. During energy 

conversion, they both pollute the environment and produce a large amount of waste heat. This 

scenario not only raises urgent concerns but also a promising future for the development of 

thermoelectric materials that can convert waste heat directly into electricity. The practical 

applications of thermoelectric materials are still very limited.  However, recent advances in 

discovering new materials and developing new fabrication processes to increase thermoelectric 

performance are significant. 

Layered materials possess strong covalent bonds within the layers and weak van der Waals 

interactions between them. These materials have a naturally low thermal conductivity due to 

their anisotropic crystal and electronic structure, making them as promising for thermoelectric 

materials. Layered tin diselenide (SnSe2), a non-toxic and abundant component of the Sn-Se 

family, has recently attracted the interest of researchers for a variety of thermoelectric 

applications. 

In this study, we proceed to fabricate SnSe2 single-crystal to study thermoelectric properties 

using temperature gradient technique. Through careful control of sample growth parameter, 

especially the maximum temperature and cooling rate, we were able to obtain large-size and 

high-quality samples. The resulting undoped SnSe2 single crystal exhibits properties of n-type 

semiconductors with a carrier concentration about 1018 cm-3 at room temperature. Because of 

the layered structure, SnSe2 single crystals show anisotropy between the crystal directions in 

thermoelectric properties. The thermoelectric performance of the undoped sample is poor; 

however, due to the low lattice thermal conductivity, the ZT value along the out-of-plane 

direction is markedly higher than along the in-plane direction in the whole temperature range 
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from 300 - 673 K. The maximum out-of-plane ZT value, 0.15, was obtained at 673 K, with a 

low total thermal conductivity of 0.43 W m-1 K-1. Furthermore, electronic doping, according to 

ARPES studies, has the potential to improve the power factor of SnSe2 single crystal.  

Among the various dopants studied, bromine (Br) and then chlorine (Cl) are effective 

electron donors for increasing the material's carrier concentration. Br doping raises carrier 

concentrations to 7×1019 cm-3 at 300 K while having little impact on carrier mobility or lattice 

thermal conductivity. As a result, the thermoelectric performance of the SnSe2 single crystal 

improves significantly in both directions, especially along the out-of-plane direction. 

Maintaining low thermal conductivity while increasing the power factor advanced the ZT out 

of plane value increase to 0.54 at 673 K. 

Chlorine, another halogen element, has also been studied for increasing the carrier 

concentration of single crystalline SnSe2. Chlorine has been shown to be efficient at raising 

carrier concentrations to as much as 1020 cm-3. Interestingly, some of the Cl doped samples had 

significantly higher conductivity than the Br doped samples at the same carrier concentration, 

while the differences in Seebeck coefficient values are negligible. These results indicates that 

the ZT value would rise much more than in Br doped SnSe2.  
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Chapter 1. General introduction 

1.1. Introduction to energy and energy conversion issues 

Energy is an essential component of human life and can be contained in several natural 

forms. Humans have evolved to use a range of energy sources for thousands of years, 

including gas, oil, wind, and sunlight. These energy sources may be transformed into heat, 

electricity, and light, among other useful types of energy. Humans have only recently 

mastered electricity as a source of energy. As soon as it was discovered, electricity became 

one of the most common sources of energy due to its flexibility, power, instantaneous 

availability, and user cleanliness. Electricity is now an essential part of human civilization, 

with nearly all kinds of energy sources being used to generate electricity to fulfill the 

demands of human society.  

Increased energy demand comes with the development of science and technology. 

Because of the world's diminishing oil supplies, renewable energy sources are seen as 

important alternatives to conventional fossil fuels. Another well-known concern of the use 

of oil, coal, or natural gas is global warming, which is caused by CO2 emissions. Solar, 

wind, biomass, hydroelectric, geothermal, and other renewable energy sources are 

candidates. These energy supplies are constantly replenished, and the energy transition 

produces almost no CO2. As a result, green energy sources will aid in the replacement of 

fossil fuels, which have a short lifetime and pollute the environment.  

Renewable energy sources account for approximately 10% of all available energy 

produced in the United States, according to the current US energy consumption report 

published by the Lawrence Livermore National Laboratory 1, also known as the energy 

flow chart. This number is also increasing, as many scientists and engineers in both 
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academia and industry have committed themselves to enhancing the productivity and 

lowering the costs of renewable energy conversion. 

 

The energy flow chart quantifies the efficiency of energy consumption. It is worth noting 

that waste heat accounts for more than 60% of the overall usable energy. Although energy 

conservation is an efficient strategy, explicitly transforming waste heat to electricity is also 

appealing. Regrettably, most conventional heat engines are incapable of successfully using 

excess industrial heat resources. Thermoelectric materials have garnered considerable attention 

over the last two decades due to their ability to capture excess heat and convert it to electrical 

energy, thus possibly boosting fuel efficiency. 

1.2. Thermoelectric Effects 

Thermoelectricity covers the reciprocal impact of temperature and electricity in a material 

and is built on three fundamental effects: the Seebeck-effect, the Peltier-effect, and the 

Thomson-effect. 

Figure 1.1.  Energy flow chart 2020. Source: LLNL March 2021. Data is based on DOE/EIA MER (2020). The 

work was performed by Lawrence Livermore National Laboratory and the Department of Energy. LLNL-MI-410527 
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1.2.1. Seebeck effect 

The Seebeck effect2 was discovered in 1821 by Thomas Johann Seebeck. He began with a 

bimetallic loop made of bismuth and copper wire. The deflections of a magnetic needle 

positioned near the loop were noticed when one of the joints was heated by a burner. Initially, 

and incorrectly, this phenomenon was attributed to magnetic polarization induced with a 

temperature difference between metallic elements. Following years of tests and discussions, it 

was shown that Seebeck's findings were triggered by a produced electric current which broke 

the temperature balance. 

 

 

Figure 1.2. Principle of Seebeck effect. 

And what occurs at an atomic scale in the materials? As illustrated in Figure 1.2, with a 

single chemical homogeneity conductor, since the charge carriers are more energetic at the hot-

end, they seem to migrate to the cold-end of the material. The cooler area therefore has a higher 

number of carriers than the hot end, thus creating an internal electrical potential to neutralize 

carriers coming from the heated end. At equilibrium, the two ends would have a stable electrical 

potential difference 𝑉 = (𝑈ℎ𝑜𝑡 − 𝑈𝑐𝑜𝑙𝑑) as well as a temperature difference 𝑇 =  (𝑇ℎ𝑜𝑡 −

𝑇𝑐𝑜𝑙𝑑) to balance the thermal driving force. 
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The produced electrical potential V at the same T might differ according to the material 

properties or the ambient temperature. For particular material, the Seebeck coefficient 𝑆𝑥(𝑇) 

is used to describe the V/T ratio at a given average temperature 𝑇 =  (𝑇ℎ𝑜𝑡 + 𝑇𝑐𝑜𝑙𝑑)/2. 

𝑆𝑥(𝑇) = − lim
Δ𝑇→0

∆𝑉

∆𝑇
 (1.1) 

In Eq. (1.1), the negative sign is utilized owing to the sign convention for the Seebeck 

coefficient. Thus, a negative Seebeck coefficient is provided for materials of the n-type with 

mainly negative carriers. The hot-end of equilibrium materials, as illustrated in Figure 1.2, has 

a higher electrical potential than the cold-end due to less negative charge carriers. 

Consequently, V/T is positive, and to meet with the proposed sign convention, a negative 

sign is required. 

1.2.2. Peltier effect 

Jean Peltier observed that an electrical current flowing across a junction between two 

different conductors generates a cooling or heating effect, depending on the current's direction, 

in 1834, roughly 13 years after the Seebeck effect.3 This observation is now called the Peltier 

Effect which is described as the opposite of the Seebeck effect but is not easy to detect owing 

to the substantial contribution of Joule heating. At the atomic scale, negative charge carriers 

migrate in the opposite direction of current. The carriers share charge and thermal energy at 

the junction of two separate conductors in order to maintain a continual electrical current across 

the joint. Nevertheless, even at the same temperature, the thermal energy of a single charge 

carrier will differ between materials. This imbalance or lack of thermal energy eventually 

results in a drop of temperature at the junction.  
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With the scarcity of fossil resources and recent global warming gains from growing carbon 

dioxide emissions, the study of thermoelectricity has reawakened public interest due to its 

efficient utilization of waste heat. The goal is to enhance the conversion efficiency of 

thermoelectric generators (TEG) by using waste heat from heat engines such as vehicles or 

traditional power plants. Besides that, effective thermoelectric materials are of significant 

importance for cooling applications based on the Peltier effect, such as the thermostatic 

temperature-critical components in lasers. 

1.2.3. Thompson effect 

As previously said, the Peltier effect and Seebeck effect are based on the similar physics. 

Nevertheless, it was not till 1855 that William Thomson (Lord Kelvin) technically 

demonstrated a similar association between the Seebeck and Peltier results using 

thermodynamic concepts.4 Thomson also discovered that for certain materials, the Seebeck 

coefficient is not constant with temperature, implying that a temperature gradient within a 

conductor would be followed by a Peltier (or Seebeck) coefficient gradient inside the object. 

As current flows across this conductor, a thermal influence identical to the Peltier effect 

(cooling or heating) would be present constantly along the conductor depending on the 

orientation of the Seebeck coefficient gradient; this is regarded as the Thomson Effect. 

The Thomson effect is much harder to detect and quantify than the Seebeck and Peltier 

results. Furthermore, there are no apparent benefits of using the Thomson effect in realistic 

implementations. The Thomson effect, on the other hand, is critical in basic experiments on the 

thermoelectric effect. While determining the Seebeck and Peltier coefficients for pairs of 

materials is easy, calculating the absolute values of these coefficients for a single substance is 

more complicated. The Thomson effect is, in practice, the only thermoelectric phenomena that 



6 

 

can be found in individual materials. The Thomson coefficient, which explains how the 

Seebeck coefficient varies with temperature, is directly related to the Seebeck coefficient. As 

a result, the Thomson coefficient will be used to calculate an absolute scale of the Seebeck 

coefficient for all thermoelectric products. 

The three effects mentioned herein formed the basis for the thermoelectric principle and 

have important implications for the functional application of thermoelectric conversion 

materials. The study of thermoelectric materials was still in its infancy before German scientist 

Altenkirch proposed an essential and relatively adequate theory of power generation and 

thermoelectric cooling in the late twentieth century. In order to make a more noticeable 

thermoelectric effect, it has been suggested that a suitable thermoelectric material should have 

a high Seebeck coefficient. Simultaneously, it requires a higher conductivity, resulting in a 

lower joule heat dissipation. Furthermore, to maintain a sufficiently large temperature 

differential, the thermal conductivity should be low. These parameters' quantities of 

thermoelectric properties can be characterized via a standardized thermoelectric dimensionless 

figure of merit ZT, 𝑍𝑇 =
𝑆2𝜎

𝜅
𝑇. As a result, given the current crisis and massive consumption 

of naturally stored energy, novel thermoelectric materials are critical. 
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1.3. Principle of Thermoelectric devices 

Figure 1.3 depicts the working principle of thermoelectric devices that produce 

thermoelectricity using the Seebeck effect (left) and cool thermoelectricity using the Peltier 

effect (right). A conductive plate connects type N and type P semiconductors at the top of the 

left frame, and the lower-end is attached to an external closed circuit. The Seebeck effect occurs 

when heat is supplied at one end of a semiconductor and dissipated at the other, resulting in the 

external circuit's bulb being lit due to the potential difference across the semiconductor. The 

principle of operation is that the hot-end carriers have higher kinetic energy than the cold-end 

carriers, and when a large number of carriers near the hot end of the semiconductor are excited 

into the conduction or valence band the carrier will diffuse from the hot-end to the cold-end of 

the material. As a result of the carriers accumulating at the cold-end, a self-constructing 

electric-field is created, preventing the carriers from being moved from the hot-end to the cold-

end. Since this mechanism equilibrates, there will be no anymore directional charge transfer 

inside the conductor, and both ends create a coherent electromotive force. This is known as 

Seebeck. 

Figure 1.3. Schematics of Thermoelectric Generator (left) and Peltier Cooler (right). 
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The figure on the right illustrates the operating principle of a thermoelectric cooler. As 

current passes through a loop of N- and P-type semiconductors, the Peltier effect creates an 

endotherm at the top-end and another at the bottom-end. Since carriers in different 

semiconductor materials have different potential energy, this process occurs. When carriers 

pass from one type of conductor to another, a new energy equilibrium at the interface is 

required; energy exchange happens with the surrounding crystal lattice to generate endothermic 

or exothermic phenomena near the junction. 

While researchers had observed the phenomenon of thermoelectric power and its potential 

applications at the time, the research object was limited to metals and their alloys. However, 

since the Seebeck coefficient of the most of metals is very low, below 10 µV/K, thermoelectric 

cooling and power generation proved to be inefficient. In the 1930s, as semiconductor physics 

developed, it became clear that semiconductor materials, due to their high Seebeck coefficients, 

are more thermoelectric than metallic ones. Since then, thermoelectric materials have sparked 

exponential scientific interest, resulting in the development of several materials, including 

Bi2Te3, PbTe, and SiGe. Though thermoelectric science reached a stalemate during the next 

several decades. While much work has gone into enhancing the properties of the above-

mentioned material, the impact on enlarging the TE performance has been negligible. Over the 

past two decades, due to the accelerated advancement of nanotechnology, significant progress 

has been made in the field of energy conversion materials. Among them, the thermoelectric 

study has taken important steps, with the continuous introduction of novel thermoelectric 

compounds and the reasonable control of properties such as the micro-nano structure exhibiting 

already promising outcomes for energy conservation. 
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1.4. Properties of Thermoelectric Materials 

The dimensionless quality factor ZT is frequently used to estimate the thermoelectric 

conversion efficiency of materials. It is derived from Seebeck coefficient S, electrical 

conductivity σ, and thermal conductivity 𝜅.  

𝑍𝑇 =
𝑆2𝜎

𝜅
𝑇 (1.2) 

The primary aim of thermoelectric research is to improve the ZT value of materials in order 

to enhance energy conversion efficiency. However, owing to the interrelationship between the 

Seebeck coefficient, conductivity, and thermal conductivity, changing one of these parameters 

separately could not greatly increase the ZT. This is also the primary explanation why the ZT 

value in most material systems is limited. Luckily, solid-state theory has been able to reveal 

the physics of these three parameters at the microscopic level. From the practical and 

theoretical study, the typical numerical range of excellent thermoelectric materials has been 

fully validated, and currently constitutes a comprehensive set for creating functionality with 

predicted characteristics. In the sections that follow, I will go through the related variables in 

detail, as well as the underlying relationships between them. 

1.4.1. Seebeck Coefficient 

The Seebeck coefficient of semiconductor materials is often significantly greater than the 

Seebeck coefficient of metallic materials, which is why, as previously mentioned, 

thermoelectric research has mostly concentrated on semiconducting materials. Assuming that 

carrier scattering is temperature independent in metals or degenerate semiconductors, the 

Seebeck coefficient can be easily represented as A=B. 
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𝑆 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2
𝑚∗𝑇 (

𝜋

3𝑛
)

2 3⁄

(1.3) 

The Seebeck coefficient, as illustrated, is proportional to the effective mass of the carrier 

m* and inversely proportional to the 2/3 power of the carrier concentration. Because the 

effective mass is mainly function of the change of density state near the Fermi level, a material 

system with a large disparity of density of states (DOS) has a large Seebeck coefficient. This 

rule provides useful instructions for investigating and developing modern thermoelectric 

material systems. 

1.4.2. Electrical Conductivity 

Conductivity is defined using the carrier concentration n and the carrier mobility µ  as given 

𝜎 = 𝑛𝑒µ (1.4) 

In the case of a non-degenerate semiconductor, the concentration of electron  

𝑛0 = 𝑁𝑐𝑒−𝑖
𝐸𝐶−𝐸𝐹

𝑘𝑇 (1.5) 

 where 

𝑁𝑐 = 2
(2𝜋𝑚∗𝑘𝑇)

3
2

ℎ3
(1.6) 
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is the effective DOS of the conduction band, m* is the effective mass, k is the Boltzmann 

constant, h is the Planck's constant, and T is the absolute temperature. Since both Nc and EF are 

obviously temperature functions, the electron concentration n0 is also substantially affected by 

temperature. For extrinsic semiconductors, at lower temperatures, the impurity density is 

generally closer to the top of the valence band or the bottom of the conduction band, indicating 

a lower ionization energy, therefore the carrier concentration is primarily influenced by the 

impurity concentration. 

Figure 1.4. (a) Relationship between electron concentration and temperature in n-type silicon. (b) 

Relationship between electrical conductivity and temperature in extrinsic semiconductors. 

At higher temperatures, the number of intrinsic carriers produced by intrinsic excitation far 

exceeds the number of carriers produced by impurity ionization, and the semiconductor enters 

the intrinsic excitation zone. Figure 1.4(a) depicts the electron concentration in N-type silicon 

as a function of temperature.5 It can be shown that at low temperatures, the electron 

concentration quickly rises with temperature due to impurity ionization.  

When the temperature increases to around 200 K, all of the impurities ionize, but the electron 

concentration remains almost constant. The electron concentration increases sharply as the 

temperature increases over 600 K into the intrinsic excitation region. The number of minority 

carriers in the intrinsic excitation region of the semiconductor will also rise, increasing the 

bipolar diffusion effect and lowering thermoelectric efficiency. To calculate the operating 

temperature range of a semiconductor material, we usually use the formula 

𝐸𝑔 = 10𝑘𝐵𝑇 (1.7) 

, where 𝐸𝑔 is the bandgap. 

Thermoelectric materials can be classified into three categories based on their operating 

temperature range: low-temperature thermoelectric materials (room-temperature and below), 
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medium-temperature thermoelectric materials (room-temperature to 700 K), and high-

temperature thermoelectric materials (700 K and above). 

Carrier mobility µ , measured in cm2V-1s-1, is the average drift velocity of a carrier at a given 

field strength. It is influenced by various scattering mechanisms. Electronic scattering is mostly 

influenced by ionized impurity scattering and lattice vibration scattering. Ionized impurity 

scattering is expressed in terms of the scattering probability P, which describes the scattering 

intensity, as 

𝑃 ~ 𝑁𝑖𝑇
−

3
2 (1.8) 

where Ni is the ionized impurity concentration. As the formula indicates as the concentration 

of ionized impurities increases, the probability of carrier scattering increases and mobility 

decreases. The higher the temperature, the greater the average thermal velocity, and carriers 

will move through the impurity scattering centers more easily. In comparison, lattice vibration 

scattering can be classified into two types: acoustic wave scattering and optical wave scattering; 

the former results in a scattering probability of 𝑃 ~ 𝑇−3/2, while the latter does not occur at 

low temperatures. As the temperature rises, the average number of phonons increases and the 

probability of optical wave scattering increases. 

In brief, semi-conductor conductivity is complicated by different factors with temperature 

changes. In intrinsic semiconductors, intrinsic excitation increases carrier concentration 

through a reduction in mobility owing to lattice vibration scattering. The intrinsic conductivity 

of semiconductors rises monotonically with rising temperature, which separates them from 

metals. However, for impurity-doped semiconductors, two types of scattering mechanisms, 

such as ionized impurity scattering and lattice vibration scattering, restrict carrier mobility, 

causing the conductivity versus temperature to be divided into different temperature regions 

(Figure 1.4b). In the AB section of low temperatures, carriers primarily are provided by 



13 

 

ionizing impurities, as the temperature rises. The scattering is mostly caused by ionized 

impurity scattering. At this stage when the temperature rises, the mobility improves, resulting 

in increased conductivity. The impurities have been completely ionized since raising the 

temperature in the BC section. The intrinsic excitation is negligible, and the carrier does not 

change significantly with temperature. At higher temperatures, lattice vibration scattering 

dominates, resulting in a decrease in mobility with rising temperature. As a result, conductivity 

reduces as the temperature rises. When the temperature is high enough to induce intrinsic 

excitation in semiconductors, the generation of many intrinsic charge carriers has a much 

greater effect on conductivity than does the decrease in mobility. At this stage, intrinsic 

excitation predominates. Extrinsic semiconductor conductivity rises rapidly with temperature 

and exhibits similar characteristics to intrinsic semiconductors in area C. 

1.4.3. Thermal Conductivity 

Thermal conductivity is determined by two factors: the carrier thermal conductivity 𝜅𝑒 and 

the lattice thermal conductivity 𝜅𝑙  of the material. The carrier thermal conductivity 𝜅𝑒  is 

proportional to electrical conductivity and temperature according to the relationship: 

𝜅𝑒 = 𝐿𝜎𝑇 (1.9) 

, where 𝐿 =
1

3
 (

𝜋𝑘𝐵

𝑒
)

2

= 2.45 × 10−8 𝑊. Ω. 𝐾−2 is called the Lorentz constant. As a result, 

it has a significant effect on the thermal conductivity of metallic materials at low temperatures, 

𝜅𝑒 ≫ 𝜅𝑙 . In comparison, heat transfer is mainly affected by the thermal conductivity of the 

lattice in insulators and semiconductors, 𝜅𝑒 ≪ 𝜅𝑙 . Generally, lattice thermal conductivity is 

calculated as 

𝜅𝑙 =  
1

3
𝐶𝑣𝜆𝑣0 (1.10) 
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, where 𝐶𝑣 is the material's heat capacity per unit volume, 𝜆 is the phonons' mean free path, 

and 𝑣0 is the sound velocity in the solid. At elevated temperatures (T > ~300 K), the heat 

capacity and sound velocity of typical materials are generally temperature independent. Thus, 

the magnitude and temperature dependence of 𝜅𝑙 are mainly governed by the phonons' mean 

free path. Generally, phonon mean free path is determined based on phonons “collisions” and 

phonon scattering by solid defects. In solid crystals, heat transfer is a combined effect of several 

mechanisms, each of which contributes differently to the scattering of phonons with varying 

frequencies and/or temperatures. For e.g., grain boundary scattering dominates at low 

temperatures; point defects and resonant scattering play a significant role at moderate to high 

temperatures; and the U-process has a significant and widespread effect at high temperatures. 

To maximize phonon scattering across the whole temperature range thus minimizing thermal 

conductivity, the combined or synergetic effects of several scattering processes are needed. 

Numerous computational models have been proposed to calculate the minimum lattice thermal 

conductivity. The calculated results suggest that the minimum lattice thermal conductivity is 

obtained when the mean free path value approaches the minimum distance between the atoms 

in the crystal lattice. This is a good guideline for enhanced thermoelectric material efficiency 

by lowering thermal conductivity. 

1.5. Current research on thermoelectric materials 

The development of solid-state electron and phonon transport models allowed for a 

systematic investigation of thermoelectric performance in narrow bandgap semiconductors, 

leading to the discovery of a class of high-performance thermoelectric materials such as Si-Ge 

alloys, PbTe, and Bi2Te3. G. Slack introduced the principle of “phonon-glass electron-crystal” 

(PGEC) in the late 1990s to screen and find out suitable TE materials with glass-like low 
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thermal conductivity and high electrical characteristics like those in crystals.6 Because of the 

PGEC idea, several novel compounds with high thermoelectric efficiency have been found 

consecutively, with popular examples being filled clathrates and skutterudites. Thermoelectric 

has entered a new era with the rapid development of new TE technologies and a step advance 

in material ZT during the previous two decades as a result of ongoing work on a thorough 

knowledge of electronic and thermal transports. The evolution of the dimensionless figure of 

merit (ZT) during the previous six decades is summarized in Figure 1.5, with a focus on recent 

developments in 21st century. 

 

 

Figure 1.5. Timeline of dimensionless figure of merit ZT 

Recent research has focused on the development of new high-performance thermoelectric 

materials capable of harvesting energy across a wide temperature range. The previously 

considered 'limit' of ZT = 1.0 is now regularly surpassed at high temperatures in metal 

chalcogenides, owing primarily to nano-structuring and modification of the band structure. 
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In fact, thermoelectric research progressed slowly until 2014, when a record-high ZT value 

of 2.6 at 900K was revealed in SnSe single crystals, a long-forgotten compound. The extremely 

rare combination of transport characteristics has produced numerous expectations for further 

increasing the thermal performance of SnSe by optimization of the characteristics, the potential 

to achieve comparable ZT value on polycrystalline samples, and questions about the physical 

mechanisms underlying the material's excellent thermoelectric properties. This report has 

reignited interest in this compound to obtain a clear picture of its structural, chemical, and 

physical properties. In this way, our understanding of this previously underestimated substance 

has improved dramatically over the past few years because of the novel approaches used to 

probe its fundamental properties. Besides that, the role of lattice thermal conductivity values 

seems to have been greatly underestimated, throwing serious doubt on the feasibility of 

achieving such high thermoelectric performances experimentally. 

Organic conductors have recently gained interest as possible thermoelectric materials due 

to their high stability, processability, and tunable thermoelectric properties. The growing 

interest in wearable and autonomous devices has intensified research into organic 

thermoelectric materials. 

While the TE material is required for a thermoelectric device's energy conversion efficiency, 

the device engineering schemes, such as the geometry of TE legs, connection schemes, 

different interfaces, and so on, have a significant impact on the practical conversion efficiency 

and output performance (power density, service reliability, and so on). Additionally, a 

multitude of applications impose a variety of conditions on the device's configuration and 

efficiency. Thus, to improve performance and ensure that real conversion and synchronization 

satisfy the varied specifications of realistic requirements, it is important to take a systematic 

approach to device technologies to address this complex issue. 
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1.6. Thesis Scope and Contributions 

As mentioned, the potential and role of thermoelectric materials in solving current energy 

problems is not in dispute. Furthermore, thermoelectric generators (TEGs) also possess many 

advantages such as no moving components, no dependence on chemical reactions, and can be 

long-term work without maintenance. Since the very 1970s, thermoelectric generators have 

been used for NASA space missions. Despite the fact that thermoelectric devices have been 

used in a variety of fields, their popularity remains relatively low. To enter the market, two 

things need to be done at the same time: improving energy conversion efficiency and 

minimizing the cost of thermoelectric generators. Finding thermoelectric compounds with high 

ZT at low cost is critical.  In addition, the environmental friendliness and thermal stability of 

the materials should also be considered. 

The material's dimension has a significant effect on its electronic and phonon transport 

properties. Through the advancement of numerous material synthesis methods, it is now 

possible to synthesize a variety of low-dimensional materials, including thin films/nanosheets 

(two dimensional), nanowires (one dimension), and quantum dots (zero dimension). However, 

precise, and reliable measurement of all thermoelectric properties, as well as functional 

application of low-dimensional materials, remain thermoelectric' challenges. 

In the case of bulk layered thermoelectric substances, the layered structure creates strong 

anisotropic thermoelectric properties in three different directions. Layered materials have a 

layered structure due to the presence of strong covalent bonds within the layers and weak van 

der Waals interactions between them. The layered structure allows charge carriers and phonons 

to travel independently; charge carriers can easily pass within the layers, while phonons may 

scatter greatly between the layers owing to the existence of poor van der Waals forces. Because 

of their anisotropic crystal and electronic structure, these materials have a naturally low thermal 
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conductivity, making them promise thermoelectric materials. Moreover, as compared to the 

pellet structure, the grain boundaries introduced by nano structuring will significantly reduce 

thermal conductivity. 

The layered Bismuth telluride (Bi2Te3) is the most common material for thermoelectric 

applications around ambient temperature. Besides having greater PF than traditional 

semiconductors, Bi2Te3 also possesses low lattice thermal conductivity. Therefore, Bi2Te3 

exhibits high thermoelectric performance along the in-plane direction.7 

Layered tin selenide (SnSe), as previously mentioned, was also overlooked by researchers 

for a long time due to its low electrical conductivity until Zhao observed high ZT for a single 

crystal along the in-plane direction, followed by along the out-of-plane direction for the 

bromine doped sample.8,9 The extraordinary feature of SnSe is its extremely low thermal 

conductivity in all three crystal directions. Although the out of plane thermal conductivity is 

caused by weak Van der Waals bonds between layers, the highly distorted structure is assumed 

to be responsible for the poor in-plane thermal conductivity.10 

Tin diselenide (SnSe2), a non-toxic and abundant compound of the Sn-Se family, has 

recently attracted the interest of researchers for a variety of thermoelectric applications. Two 

planes of Se atoms sandwich one plane of Sn with strong intra-layer covalent bonds, while soft 

van der Waals interactions build a sequence of sandwich layers.11 Because of these layered 

crystal structure, SnSe2 has strong anisotropic electronic and phonon transport properties. 

Moreover, several theoretical publications estimate that SnSe2 crystals possess excellent 

thermoelectric properties. 12,13 Understanding the intrinsic thermoelectric properties of SnSe2 

may contribute to clarifying the role of SnSe2 micro-domains in the ultimate thermoelectric 

properties of SnSe crystals.14 Fabricating polycrystalline structural materials is the great option 

for improving thermoelectric performance and massive production for commercial purposes. 
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For studying the intrinsic properties of materials, it is more reasonable to fabricate the material 

in single crystal form. 

In this study, we proceed to fabricate SnSe2 single-crystal to study thermoelectric properties. 

We have controlled the sample growing process by temperature gradient technique to obtain 

large size and high-quality samples suitable for exist thermoelectric measurements. The PPMS 

measurement system was modified to improve measurement reliability and precision while 

also making it more appropriate for research specificity. For this and other laboratory studies, 

a LabVIEW-based measurement software was developed. The resulting single crystal SnSe2 

exhibits properties of n-type semiconductors with a carrier concentration of about 1018 cm-3 at 

room temperature. The thermoelectric performance of the undoped sample is relatively low, 

however, interestingly, the ZT value along the out-of-plane direction is significantly greater 

than that along the in-plane direction due to the very low lattice thermal conductivity. The 

potential of the material in the case of electron doping was also investigated by ARPES and 

verified experimentally. Among the tested dopants, Bromine (Br) and Chlorine (Cl) are suitable 

electron donors for increasing the carrier concentration of the material. Br doping causes the 

thermoelectric performance of SnSe2 single crystal to increase significantly in both directions, 

especially along the out-of-plane direction. Cl doping showed even further improvements in 

electrical conductivity along the out of plane direction than Br doped samples at the same 

carrier concentration level. This promises to further improve the ZT value of the material. Other 

measures to verify and explain this need to be done further.  The details of the experiments will 

be discussed and analyzed in the following chapters.  
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Chapter 2. Development of Physical Properties Measurement 

Program 

2.1. Introduction 

Besides thermal conductivity, Seebeck coefficient (S) and conductivity (σ) are two main 

properties for determining ZT of a material. Thereby, the power factor can be calculated: 

𝑃𝐹 = 𝑆2𝜎 (2.1) 

Optimization of the power factor is a critical strategy for improving the thermoelectric 

performance of materials. This is normally accomplished by doping or alloying to change the 

carrier concentration. The aim of Hall effect measurements is to establish carrier concentration 

as well as carrier mobility. The all parameters mentioned above contribute to the evaluation of 

a material's thermoelectric properties. Additionally, these parameters are temperature 

dependent. Thus, precise measurement of the value and tendency of the above parameters as a 

function of temperature is critical for studying thermoelectric properties. Numerous 

commercial measurement systems with a high degree of precision and reliability are well-

known. However, in the laboratory, highly specific and adaptable measuring systems are 

advantageous for rapidly evaluating material properties. We built measurement hardware and 

software based on existing systems to address particular testing requirements based on the 

measurement principles of each measurement. 
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2.2. Fundamental background 

2.2.1. Seebeck coefficient 

The integral method and the differential method are the two major approaches for calculating 

the Seebeck coefficient. 

2.2.1.1.  Integral method 

The integral method includes maintaining the temperature of one end of the measured 

sample at T0 while varying the temperature of the other end T and measuring and recording the 

Seebeck voltage V produced between the two ends. The Seebeck coefficient of the sample 

relative to the connecting wire at any temperature can be calculated from the slope of the 

Seebeck voltage versus temperature curve at that temperature. Due to the broad temperature 

difference (dT) across the sample, a large Seebeck voltage is generated. These high Seebeck 

voltages cancel out the circuit errors. The integral method is very easy to set up, and only one 

heater is needed for temperature regulation at the hot end. The temperature of the cold end is 

typically maintained steady by attaching it to a large copper heat sink. The integral method is 

a suitable alternative for samples that can be made into long wires or strips. The integral method 

has several drawbacks. Highly fragile and short samples are challenging to obtain significant 

temperature differences. Additionally, it is difficult to maintain a constant temperature at one 

end of the specimen in the broad dT, especially at high temperatures. Thus, the Seebeck 

coefficient in this technique can only be measured quite slowly. The integral approach is 

therefore unaffected by sudden changes in Seebeck coefficient versus temperature, such as at 

the phase transition point. 
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2.2.1.2. Differential method 

Unlike the integral method, the differential method involves a small temperature change, 

usually less than 5°C, to determine the Seebeck coefficient. As shown in Figure 2.1, the sample 

is subjected to a small temperature gradient dT. Two voltage measuring leads are wired to the 

sample at T1 and T2, and the other ends of the testing leads are at the same temperature T0. This 

is the common method of determining the Seebeck coefficient. This approach is good for every 

kind of material. 

For connecting wire and thermocouples, the low Seebeck coefficient materials are used. The 

intrinsic precision of thermocouples can often result in temperature measuring inaccuracy. 

Inaccurate temperature calculation can lead to inaccuracy in dT measurement, which will 

significantly alter the S in the case of low dT. To determine the temperature and Seebeck 

voltage, the connecting wire and thermocouple must be fixed at the same point on the sample, 

which is a significant challenge. 

In comparison to the integral method, the differential method needs more advanced 

equipment to measure low voltage signals and maintain a more stable temperature. Usually, 

Figure 2.1. Configuration of Seebeck coefficient measurement by the differential method. 
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the Seebeck voltage is monitored using a voltmeter with a resolution of better than 0.1 µV. To 

keep a steady average temperature Tavg as well as a stable and adjustable temperature 

differential T, at least two independently operated heaters are used. 

The differential approach is used for temperature measurements at elevated temperatures or 

over a broad temperature spectrum. Furthermore, the slope-based data processing guarantees 

the precision and durability of the calculated Seebeck coefficient. 

The approach for measuring the Seebeck coefficient is based on several considerations, 

including the temperature range to be measured, the laboratory equipment conditions, the 

material properties, and the requirement for accuracy in relation to the measurement time. 

Many approaches for determining the S-coefficient have been adjusted and improved based on 

the above two main methods, which are commonly referred to as the dynamic method. In this 

research, we employ a different method through the commercial measuring system ZEM-3, as 

well as a self-developed method, which will be detailed later, to quickly survey material 

properties. 

2.2.2. Electrical conductivity and carrier concentration 

2.2.2.1. Van der Pauw method 

For calculating sheet resistance and Hall coefficient of materials, the Van der Pauw 

measurement method is a common 4-point measurement. Leo J. van der Pauw addressed the 

general problem of potential distribution in a thin, conductive sheet of any form in 1958, 

allowing Hall coefficient and resistance measurements to be performed on it. Even so, in order 

for the measurement to be accurate, certain conditions must be met. The sample's thickness t 

must be uniform and negligible in comparison to the contacts' distance. It needs to have a 

continuous geometric shape, which ensures that there must be no islands or holes of highly 
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conductive material. The four contacts should be at the sample's edge and minor in comparison 

to the sample’s area. 

 

Figure 2.2.  van der Pauw Resistivity Conventions 

If all of the prerequisites are satisfied, a sample with the edge contacts 1, 2, 3, and 4 is 

obtained, as shown in Figure 2.2. The vertical and horizontal Van der Pauw resistances Rij,kl, 

must be measured in order to determine the electrical conductivity, with the following 

calculation for measuring horizontal and vertical resistances: 

𝑅(=) =
𝑅12,34 + 𝑅21,43 + 𝑅43,12 + 𝑅34,21

4
(2.2) 

𝑅(||) =
𝑅14,23 + 𝑅41,32 + 𝑅32,41 + 𝑅23,14

4
(2.3) 

By numerically solving the Van der Pauw formula, the surface resistance or, if the layer 

thickness is known, the resistivity can be determined if the horizontal and vertical resistances 

have been measured: 
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𝑒−𝑅(=)
𝜋𝑡

𝜌
+ 𝑒−𝑅(||)

𝜋𝑡

𝜌
= 1 (2.4) 

where: 𝜌 is volume resistivity in  .cm, t is the sample thickness in cm. 

𝜌 =
𝜋

ln 2
𝑓

𝑅(=) + 𝑅(||)

2
𝑡 (2.5) 

where f is geometrical factors base on sample symmetry (f = 1 for perfect symmetry) and 

can be determined using the resistance ratio Q = 
𝑅(=)

𝑅(||)
 as follow: 

𝑄 − 1

𝑄 + 1
=

𝑓

0.693
𝑎𝑟𝑐 cosh

𝑒
0.693

𝑓

2
(2.6) 

In this work, after the resistance values have been measured, the f value can be obtained 

automatically using LabVIEW program. 

The electrical conductivity can be computed using the following equation since it is the 

reciprocal of the specific resistance: 

𝜎 =
1

𝜌
(2.7) 

An external magnetic field with the flux density Bz can be applied normal direction to the 

sample surface to estimate the Hall coefficient, and the change in the diagonal Van der Pauw 

resistance (see Fig. 2.3) can be determined depending on the magnetic field strength. 
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Figure 2.3. Hall Voltage Measurement Configurations 

The idea of measurement direction inversion can be used to eliminate offset effects in 

voltage and current measurements. By measuring the diagonal voltage VHall at different 

magnetic field strengths and calculating the Hall coefficient from the slope of the Hall voltage 

over magnetic field strength, offset effects caused by magnetic field strength measurement are 

suppressed. The following equation is used to calculate the final result: 

𝑅𝐻 =
𝑉𝐻

𝐼
=

1

𝑛𝑒𝑡
𝐻 (2.8) 

→ 𝑛 =
1

𝑒𝑡
× 𝑠𝑙𝑜𝑝𝑒 (

𝑅𝐻

𝐻
) (2.9) 
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2.2.2.2. 4-Point Probe Method 

The four-point probe measuring methods are typically used to characterize the electrical 

conductivity or resistivity of a sample since they are simple to do and may reduce the effect of 

wires and contact resistances on the test result. As a magnetic field is applied, the Hall constant 

could well be determined, as well as the charge carrier concentration and hall mobility. 

The sample must form a closed region of uniform thickness without holes, be electrically 

insulated, and be contacted with four spatially isolated electrodes in order to be measured 

accurately. For a particular sample geometry and measuring routine, two specific cases of four-

wire measurement, the Hall bar structure and the Van-der-Pauw measurement, are often used. 

The four-wire measurement can be used with both macroscopic and nanostructured 

materials, but the preparation process is dependent on the material properties of the sample and 

the direction of measurement selected and can be difficult under some conditions. 

Figure 2.4. Schematic for 4-point probe method. 
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2.3. Setting of the measurement process 

Based on the above measurement principles, we build measuring systems based on PPMS 

for low temperature zones and self-built measuring tubes for high temperature zones. The 

equipment includes: 

- Lakeshore 331 temperature control for low temperature system. 

- DC source controlled by Chino DB1000b temperature controller for high temperature 

system. 

- Three Keithley 2400 Source Meter. 

- DC power supply for electromagnet. 

- Gauss meter to measure magnetic field. 

The measurement program is developed based on the LabVIEW platform.  The program is 

capable of simultaneously measuring resistance or carrier concentration for three samples and 

measuring Seebeck coefficients for a subsequent sample. Notably, we established a system for 

measuring conductivity and Seebeck coefficients separately. The disadvantage is that both 

parameters cannot be examined concurrently, but the benefit is that several different samples 

can be measured simultaneously on a limited range of usable instruments. To do that, we use a 

relay module to toggle the connection between the three Source Meters and the pins of the 

samples. Specifically, through the Arduino microcontroller, we control the relay switches on 

and off to change the measurement states, including: 

- Switch between horizontal resistance and vertical resistance measurement. (Normal 

resistance) 

- Switch between normal resistance and cross resistance measurement (Hall 

measurement). 
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- Switch between resistance measurement to Seebeck coefficient measurement. 

 

Figure 2.5. Top view and side view of the switching box. 

With resistance measurement, one sample per Source Meter can be measured. The 

measurement configurations are simply changing the roles of the pins (apply current or measure 

voltage). For Seebeck coefficient measurement, 3 separate source meters are required to 

measure one sample. The first one is used to heat one end of sample by supplying a constant 

current (20 -100 mA). The second one is used to measure the temperature difference between 

the two ends of the sample (measure the voltage and convert to the temperature value). The 

third one is used to measure the difference in the voltage generated between the two sample 

ends. Seebeck coefficient measurement uses a 2-wire mode of the source meters and resistance 

measurement uses a 4-wire mode. Switching between the two modes can be controlled directly 

using LabVIEW software. 

2.3.1. Seebeck coefficient measurement 

Once the chamber temperature has stabilized, the I-V characteristic test is conducted quickly 

to ensure the contacts are ohmic. Temperature difference between the two ends of the sample 

is checked to ensure steady state of temperature. One end of the sample is then heated with a 

constant current to create a temperature difference. When the temperature difference reaches a 
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certain degree, the heating current is turned off. During the heating and cooling of the hot end, 

temperature and voltage differences are collected continuously, plotted, and fitted using the 

least square method to obtain the slope value. The slope accuracy depends on the linear 

correlation coefficient R2 (Pearson correlation coefficient). Usually, R2   0.999 is an 

acceptable value with negligible error (R2=1 for perfect). The Seebeck coefficient of the sample 

is determined after subtracting the wires' contribution to the obtained slope. In reality, from 50 

to 150 data points would be collected. Additionally, the temperature variation between the two 

sample ends is usually less than 5 K. 
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Chapter 3. Experiments 

3.1. Thermoelectric Materials Synthesis 

The temperature gradient technique was used to create 2D single-crystal samples using the 

same principle as the melt. The Bridgman approach necessitates a process for shifting the 

crystal or furnace, while the temperature gradient method does not. This approach has a simpler 

architecture than the Bridgman method, and it is useful since the growth equipment is compact 

and economical, requiring only a basic vertical furnace. The temperature gradient is naturally 

induced by convection phenomena. Convection allows the temperature gradient to occur 

naturally. Although the magnitude of the thermal gradient with furnace height cannot be 

precisely controlled, it can be covered by adjusting the temperature rate in order to achieve a 

sample of acceptable quality and scale. The vertical furnace is depicted schematically in Figure 

3.1. An AC or DC power supply and a PID temperature controller precisely controlled the 

temperature. 

 Figure 3.1. The schematic of Temperature gradient furnace. 
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3.2. Crystallographic and Microstructural Characterization 

3.2.1. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is an effective laboratory tool for analyzing crystal structure, 

microstructure, texture, and phase analysis. Regularly spaced atomic planes can diffract X-ray 

radiation with wavelengths comparable to interatomic intervals to specific directions. This can 

be approximated using the Bragg equation: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙 sin 𝜃 (3.1) 

where 𝜆 is the wavelength of incident radiation, 𝑑ℎ𝑘𝑙  is the interplane spacing, and 𝜃 is the 

incident angle. 

For cleaved XRD measurements, we prepared pieces of any shape up to several millimeters 

in size and several hundred micrometers in thickness. To prepare the sample for powder XRD 

analysis, it is finely ground in a mortar and filtered through a 200-mesh sieve. X-ray diffraction 

(XRD, Ultimate IV, Rigaku Corp, Japan) was used to study the crystal structures with CuKα 

radiation ( = 1.54056 Å).  

3.2.2. Scanning Electron Microscope and Energy-dispersive X-ray spectroscopy 

A scanning electron microscope (SEM) creates an image by scanning a directed electron 

beam over a surface. The electrons in the beam engage with the sample, creating a variety of 

signals which can be used to examine the surface topography and composition. When the 

wavelength of optical microscope became a restricting factor, the electron microscope was 

developed. The wavelengths of electrons are much shorter, allowing for greater resolution. The 

maximal resolution achieved in a SEM is determined by several parameters, including the scale 

of the electron spot and the electron beam's interaction volume with the sample. Although no 
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SEM is capable of atomic resolution, some SEMs can reach resolutions of less than 1 nm. 

Modern full-sized SEMs typically have a resolution of 1-20 nm, whereas desktop systems may 

have a resolution of 20 nm or more. In this study, we mainly use SEM to examine the 

arrangement of the layers in SnSe2 single-crystals. 

When an electron beam displaces an inner shell electron and is substituted by an outer shell 

electron in scanning electron microscopy, an x-ray is emitted. Since each element has a specific 

energy difference between its outer and inner electron shells, the recorded x-rays have an 

elemental identity. Energy-dispersive X-ray spectroscopy (EDS) data can be collected at a 

single point, along with a line, or across a whole region. As a result, sample structures can be 

analyzed physically, and their elemental composition calculated. In this case, we used EDS to 

evaluate the composition of elements Sn, Se, and doped elements, as well as to observe their 

distribution across the entire sample surface. 

3.3. Transport Measurements 

3.3.1. Thermal diffusivity measurement 

As previously mentioned, thermal conductivity is capable of transferring thermal energy in 

the form of heat. Thermal conductivity is a temperature-dependent material constant that is 

calculated in watts per Kelvin and meter. 

Thermal conductivity is determined by a substance's thermal diffusivity, density, and 

specific heat capacity. The thermal diffusivity of material means the speeds at which a change 

in temperature transmits through it. The specific heat capacity of a substance shows how much 

of this heat may be contained in it. The density part is responsible for the amount of substance 

contained in a cubic meter. These relationships are as follows: 
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𝜅 = 𝐷𝜌𝐶𝑃 (3.1) 

The Flash Method is commonly used to calculate the thermal diffusivity of a bulk sample. 

The sample is exposed to a high-intensity, short-duration radiant energy pulse for this 

experiment. A laser or a flashlight may be used as the power source. The energy is then 

absorbed by the specimen and emitted on the sample's top. The temperature of the sample's 

surface rises because of this radiation. An infrared (IR) detector is used to monitor the 

temperature increase. The detector signal displays the measuring time as well as the normalized 

temperature increase on the surface of the sample where the light pulse occurs. The baseline 

and maximal temperature increase must be estimated before calculating thermal diffusivity. 

This is achieved using a suited fitting model. Furthermore, the model calculates the time at 

which half of the maximum temperature increase was achieved. The Flash Method has the 

benefit of being able to quantify low to high conductive samples quickly and without causing 

any damage. Furthermore, the requisite specimen geometry is straightforward, and small 

samples with simple preparation can be examined. In this study, the thermal diffusivity 

measurement was performed by NETZSCH LFA-457. Using two user-exchangeable furnaces, 

the instrument can measure in range of temperature from -125°C to 1100°C. The instrument is 

often appropriate for a broad variety of sample sizes. Normally, we use a slow diamond cutting 

machine to cut samples into 6x6 mm square plates with a thickness of 0.5 mm to 3 mm. 

 

Figure 3.2.  Laser Flash Method scheme 
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The mass density can be calculated through dividing weight (m) by volume (V) using the 

following formula: 

𝜌 =
𝑚

𝑉
(3.2) 

Samples can be cut into rectangular or cylindrical pieces to measure dimensions and 

calculate volume directly. In some cases, cutting samples in specific shapes and measurements 

is challenging and may result in significant errors. The Archimedes method is used to eliminate 

this problem as well as saving time on preparation. To do this, the test specimen in any sharp 

is weighed in both air and a known density liquid. From there, the density of the sample to be 

measured is determined by the following formula: 

𝜌 =
𝑚0

𝑚0 − 𝑚
𝜌𝑙𝑖𝑞𝑢𝑖𝑑 (3.3) 

where 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 is mass density of the liquid and 𝑚0, 𝑚 are weight of sample in air, in liquid, 

respectively.  

In this study, deionized water with a density of 1000 g.cm-3 at room temperature was used. 

The test is performed roughly 10 times on sample pieces with a minimum mass of 1 g to 

eliminate weighing error. Since the density of solid materials varies little with temperature, the 

density at room temperature is often used to calculate thermal conductivity over the entire 

temperature range. 

The heat capacity of SnSe2 was determined using the relation 𝐶p =  73.39 + 1.15 ×

10−2𝑇 − 1.92 × 105𝑇−2 (𝐽 𝐾−1 𝑚𝑜𝑙−1) by Wiedemeier et al15 with a 1% uncertainty. 
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3.3.2. Transport properties measurement 

Electrical conductivity and Seebeck coefficient measurements at low temperature and room 

temperature were performed on a modified PPSM measuring system. The homebuilt measuring 

system is also used for the above measurements at higher temperatures as detailed in the 

previous chapter. Finally, the samples were cut to the suitable size and sent for measurement 

using the commercial ZEM-3 system for accurate and reliable results. As described in the 

previous chapter, the Hall effect measurement was carried out using a home-built measurement 

system. For the determination of carrier concentration and mobility, thin square pieces with 

side dimensions ranging from 4×4 mm to 8×8 mm and thicknesses ranging from 0.1 mm to 1 

mm were prepared. 

3.4. Angle-resolved photoemission spectroscopy 

Direct experimental probes of electronic band structure are especially important to reveal its 

key characteristics in both pristine and electron-doped crystals since the specifics of electronic 

band structure can rely on the specific computational methods used. The ability to grow high-

quality large single crystals and the simplicity with which these crystals can be cleaved allow 

angle-resolved photoemission spectroscopy (ARPES) a valuable method for such 

investigations. 

In this study, Angle-resolved photoemission spectroscopy (ARPES) was carried out at the 

Advanced Light Source's Beamline 10.0.1 with photon energy of 55 eV. The measurements 

were taken at 30 K with a base pressure of less than 4 x 10-11 Torr.  
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Chapter 4. High-Quality SnSe2 Single Crystals: Electronic 

and Thermoelectric Properties 

4.1. Introduction 

Thermoelectric materials, which transform waste heat directly into electricity, have recently 

gained popularity. The dimensionless thermoelectric figure of merit is used to evaluate material 

thermoelectric performance, 𝑍𝑇 =  
𝑆2𝜎𝑇

𝜅
, where S, σ, T, and κ represent the Seebeck coefficient, 

electrical conductivity, absolute temperature, and thermal conductivity, respectively16,17. S and 

σ should remain high in value in order to achieve outstanding performance as a commercial 

product, whereas as κ should remain low. However, because these three transport parameters 

are interrelated, improving ZT value is challenging. Increasing the power factor S2σ by 

optimizing the carrier concentration n and mobility μ or decreasing the lattice thermal 

conductivity 𝜅𝐿  by creating scattering centers are two common approaches to enhance ZT 

value. As a result, only a few materials are now employed in commercial applications.  

The disparity in bonding mechanisms between in-plane and out-of-plane contributes to 

unusual electrical and thermal transport properties in layered structure materials. At near room 

temperature, layered chalcogenide crystals, such as Bi2Te3 and Sb2Te3, with strong intra-layer 

covalent bonding and noticeable poor inter-layer van der Waals bonding, are commonly 

accepted as good TE materials. Furthermore, layered SnSe with the weak cross-plane covalent 

bonds,  has been reported with in-plane ZT = 2.6 at 923 K in p-type18, and ZT = 2.2 at 733 K in 

Bi-doped n-type19; out-of-plane ZT = 2.8 at 773 K in Br-doped n-type9. 

The layered structure material tin diselenide (SnSe2) has a CdI2-type hexagonal structure 

(space group 𝑃3̅𝑚1) that is produced by van der Waals bonding between Sn-Se-Sn slabs along 
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out-of-plane direction (c-axis). SnSe2 has lattice parameters of a = 3.811 Å  and c = 6.137 Å 20 

and it has yet to be confirmed as an n-type semiconductor with indirect band gap of 0.97 eV21, 

which was considered as applications such as optoelectronic devices, phase-change memory, 

gas sensor devices, and field-effect transistors (FETs)22–26. SnSe2 has lately piqued scientists' 

curiosity because of its very low thermal conductivity. Besides that, carrier concentration has 

a significant influence on the thermoelectric characteristics of SnSe2, according to certain 

experimental estimations. ZT value of p-type SnSe2 monolayer can be obtained up to 0.94 at 

600 K with carrier concentration around 1019 cm-3, while that of n-type SnSe2 is around 0.8 

with carrier concentration around 1020 cm-3.13 At 800 K, Ding et al. projected that, ZT values 

of n-type SnSe2 are 0.01, 2.95 with carrier concentrations of 1017 and 1020 cm-3, respectively27. 

Xu et al. obtained  ZT = 0.4 at 673 K in SnSe1.88Cl0.12 polycrystal by doping Cl28. Li et al. also 

achieved ZT = 0.4 in Sn0.99Ag0.01Se2 at 773 K by doping Ag29. Wu et al. increased ZT to 0.6 at 

750 K by substituting Br into the Se sites of SnSe2
30.  

The fabrication of high-quality crystalline SnSe2 is valuable for studying the intrinsic 

thermoelectric properties of the material in view of potential applications. The anisotropic 

thermoelectric transport properties of high crystalline quality SnSe2 were investigated in this 

study, which was done utilizing a simple temperature gradient method. The obtained SnSe2 

single crystal outperform polycrystalline results in terms of thermoelectricity. Moreover, the 

ARPES study demonstrates that electron doping can increase thermoelectric performance. 

4.2. Experimental 

SnSe2 single crystal was grown by the temperature gradient method31. First, high purity (5N) 

Se and Sn powders with the mole ratio of 2:1 were weighed and vacuum-sealed (<10-4 Torr) in 

quartz ampoule. The ampoule was then heated to 750 C (60 C h-1) and soaked for 10 hours. 
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Finally, the temperature was progressively lowered to 550 C at a rate of 1 C h-1, then rapidly 

dropped to room temperature (50 C h-1). It was possible to obtain a high-quality SnSe2 crystal 

with dimensions of 14 mm diameter and 30 mm length. The layer morphology as well as 

stoichiometry of the materials were observed using Field Emission Scanning Electron 

Microscopy (FE-SEM) and Energy Dispersive X-ray Spectroscopy (EDS), respectively. X-ray 

diffraction was used to investigate the crystal structure (XRD).  

To measure the Seebeck coefficient and conductivity in both directions, a bar-shaped with 

dimensions of size 3 x 3 x 10 mm3 was used. Meanwhile, a 13 x 13 x 1 mm3 disk-shaped piece 

was used to measure thermal diffusivity. To avoid oxidation and evaporation, the Seebeck 

coefficient and electrical conductivity were measured concurrently in an Argon atmosphere. 

The van der Pauw technique was used to measure Hall coefficient in temperatures ranging from 

300 to 673 K in a reversible magnetic field of 0.7 T. The thermal diffusivity 𝐷 was calculated 

using the laser flash diffusivity method (LFA-457, NETZSCH, Germany). The heat capacity 

was determined from the measured values of Wiedemeier .et al’s measured data were used to 

calculate heat capacity15  (𝐶p =  73.39 + 1.15 × 10−2𝑇 − 1.92 × 105𝑇−2 (𝐽 𝐾−1 𝑚𝑜𝑙−1)) 

with the uncertainty of 1% for SnSe2. The total thermal conductivity was acquired using the 

formula 𝜅tot  =  𝐷 × 𝐶p × 𝜌, where ρ is the mass density determined using the Archimedes’ 

principle at room temperature. The lattice thermal conductivity 𝜅𝐿 was obtained by subtracting 

the electronic contribution (𝜅e  =  𝐿𝑇/𝜌) from the total thermal conductivity 𝜅tot, where the 

Lorenz number32 (𝐿~ [1.5 +  𝑒𝑥𝑝 (−
|𝑆|

116
)] × 10−8 𝑊 Ω 𝐾−2)  was estimated from the 

Seebeck coefficient data. Transport property measurements (S, σ, and κ) were conducted from 

room temperature to 673 K, with the uncertainty of each being ∼5%. Angle-resolved 

photoemission spectroscopy (ARPES) was performed at the Beamline 10.0.1, Advanced Light 
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Source, using photon energy 55 eV. The measurements were made under base pressure below 

4 x 10-11 Torr at 30 K. 

4.3. Results and discussion 

We were able to grow high-quality SnSe2 single crystals using the temperature gradient 

technique. The actual picture of the grown samples with cleaved shiny surfaces is seen in 

Figure 4.1a. According to EDS measurements, the proportion of Se and Sn is 2:1, as seen in 

Figure 4.1b. FE-SEM was used to examine the surface of a cleaved SnSe2 single crystal. As 

seen in Figure 4.1c, the findings revealed a clear surface and a lamellar microstructure with an 

average thickness of a few tens of nanometers. The material was cleaved in-situ for STM 

(Scanning Tunneling Microscopy) experiments to obtain clean SnSe2 single crystal surfaces. 

Figure 4.1d shows a high-resolution STM image demonstrating the appearance of Se 

hexagonal structure on the surface of SnSe2. 

Figure 4.1. (a) Real image, (b) EDS measurement data, (c) FE-SEM image, and 

(d) STM image of SnSe2 single crystal. 



41 

 

Figure 4.2a displays the XRD result of a cleaved SnSe2 single crystal with no impure 

peaks. All diffraction peaks fit to the hexagonal SnSe2 structure, and the patterns only showed 

the (00l) peak group as compared to JCPDS PDF 89-3197 data. Powder XRD data (as seen in 

Figure 4.2b) with 𝐶𝑢𝐾𝛼1  radiation was used to determine the lattice parameters of SnSe2 

single crystal; a = 3.808 Å  and c = 6.129 Å  are comparable to previously reported values. The 

estimated mass density of the grown SnSe2 single crystal based on lattice parameters is 5.966 

g/cm-3, which corresponds the directly measured mass density of 5.937 ± 0.11 g/cm-3. 

Figure 4.2. XRD patterns of cleaved and powdered SnSe2 at room temperature. 
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Figure 4.3a depicts the temperature dependence of carrier concentration 𝑛(𝑇) which is 

derived from Hall measurement by using formula 
𝑉𝐻

𝐼
=

1

𝑛𝑒𝑑
𝐻, where VH is Hall voltage, I is 

the current, n is the number of carriers, e is electrical charge, H is magnetic field, and d is 

sample thickness. As increasing temperature, n gradually increases from 2.26 ×  1018 𝑐𝑚−3 

at 300 K to 3.37 ×  1018 𝑐𝑚−3  at 473 K and then dramatically increases up to 

3.05 × 1019 𝑐𝑚−3 at 673 K.  

Figure 4.3. Temperature dependence of (a) Hall resistance as a function of 

the magnetic field and (b) carrier concentrations of SnSe2 single crystal. 
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The number of carrier at 300 K is one order of magnitude higher than that of the previous 

reported single crystal by Julien et al. prepared by the Bridgman technique, while the electron 

mobility along ab-plane, 𝜇 = 31.6 𝑐𝑚2 𝑉−1 𝑠−1 (Figure 4.3b), is quite similar20. The mobility 

along both directions decreases sharply with temperature and obeys the trend of 𝑇−3/2, pointing 

out that the acoustic phonon scattering is the major contribution. These results are reasonable 

compared with previous works on single crystals and polycrystals of SnSe2. However, the 

mobility value in single crystal is much higher than those in polycrystalline samples20,33–35. 

The thermoelectric properties of SnSe2 single crystals were measured from 300 to 673 K 

along the cleaved surface (ab-plane) and perpendicular to the cleaved surface (c-axis), as shown 

Figure 4.4. Temperature-dependent thermoelectric transport properties along both directions. (a) Electrical 

resistivity σ(T), (b) Seebeck coefficient S(T), (c) power factor S2σ, and (d) thermal conductivity κ(T). 
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in Figure 4.4. Electrical conductivity exhibited semiconducting characteristics. However, 

because of the anisotropic transport characteristics of this material, measurement results along 

the cleaved surface and perpendicular to the cleaved surface differ significantly. Because of 

the fast rise in carrier concentration, electrical conductivity along the cleaved plane (σab) 

increases up to 35.97 S cm-1 at 673 K, especially above 500 K. Figure 4.4b depicts the Seebeck 

coefficient along and perpendicular to the cleaved surface. SnSe2 single crystal demonstrated 

metallic transport behavior from room temperature to 500 K. This transport pattern can also be 

seen in Figure 4.3b, where the carrier mobility degrades sharply but the carrier concentration 

increases somewhat with temperature. Seebeck coefficients gradually rise with temperature, as 

expected, corresponding to the reduction in electrical conductivity. The sample exhibits 

thermally activated transport behavior above 500 K. As a result, both electrical conductivity 

and the Seebeck coefficient show an inverse tendency when compared to lower temperatures. 

The thermoelectric power factor ( 𝑃𝐹 =  𝑆2𝜎) is depicted in Figure 4.4c along both directions. 

Because of the comparatively high difference in electrical conductivities between the two 

directions, the maximum PF along the cleaved plane (3.47 µW cm-1 K-2) is greater than that 

along the c-axis direction (0.97 µW cm-1 K-2). Furthermore, the anisotropy of the material 

increases with temperature. It is impractical to conduct the experiment at higher temperatures 

due to material thermal stability limitations. As a result, maximal electrical conductivities are 

not attained in this temperature range, with the greatest value at 673 K being about 35.97 S cm-

1. 

Figure 4.4d depicts temperature-dependent total thermal conductivities (κtot) along and 

perpendicular cleaved surface. The results suggested that lattice thermal conductivity accounts 

for 98 percent of total heat transfer in SnSe2, with phonon transport accounting for the majority 

of total thermal conductivity. The lattice thermal conductivities (in-plane and out-of-plane) 

drop as T-1 increases, perhaps due to anharmonic phonon-phonon interactions, as seen in the 
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inset. Furthermore, at all temperatures, the obtained in-plane thermal conductivity (κab) is 

significantly higher than the out-of-plane thermal conductivity (κc). We observed κab = 6.9 W 

m-1 K-1 at 300 K, which is approximately eight times more than κc = 0.9 W m-1 K-1. The ratio 

κab/κc = 7.6 demonstrates that the thermal conductivity of SnSe2 is very anisotropic. 

Furthermore, at 673 K, the out of plane κc decreases to an extremely low value of 0.43 W m-1 

K-1. The high anisotropy in heat transport characteristics is well explained by SnSe2's crystal 

structure and bonding properties. This is due to the fact that van der Waals forces between 

layers are extremely weak in comparison to intralayer covalent bonding. These results are 

consistent with prior experimental36 and theoretical researches37,38. 

Figure 4.5 depicts ZT values along and perpendicular to the cleaved surface. ZT values in 

both directions rise as the temperature increases. The greater ZTc value compared to the ab-

plane ZTab value is due to ultra-low out-of-plane thermal conductivity. The highest ZT value of 

SnSe2 single crystal along the c-axis direction is 0.15 at 673 K, whereas it is 0.1 along the ab-

plane.  It should be noted that in earlier experiment reports, the ZT value of un-doped SnSe2 

polycrystal is generally less than 0.0528,29. According to two theoretical studies by Li et al. and 

Ding et al., the ZT value of monolayer and single crystal SnSe2 is strongly dependent on carrier 

concentration. ZT value in n-type SnSe2 monolayer is 0.1 at 900 K with electron concentration of 

1018 cm-3 and rises to 1.1 with n of 1020 cm-3. At 800 K, the ZT value in the SnSe2 single crystal 

is 0.15 with n  1018 cm-3 and rises to 2.95 with n  1020 cm-3.27,39 
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 To investigate the relationship between ZT and electronic band structures, we used ARPES 

to examine the electronic band structure of SnSe2 single crystals. The overall band structure 

observed from ARPES studies agrees with the theoretical results40,41. The pristine SnSe2 

valence band maximum (VBM) lies 1.36 eV below Fermi energy (EF), with negligible 

photoemission intensity at EF, implying that SnSe2 is an intrinsically n-type semiconductor 

(Figure 4.6a, b). The constant energy contour at VBM indicates a flower-like form, showing 

that SnSe2 has three-fold rotational symmetry. SnSe2 is electron-doped by potassium (K) 

doping, revealing conduction bands near the M point (Figure 4.6c),, which is consistent to the 

previous calculation results40. The obtained effective masses from the SnSe2 conduction band 

are 𝑚∗
Γ−M = (2.63 ± 0.12)𝑚𝑒  and =𝑚∗

K−M = (1.56 ± 0.10)𝑚e  (Figure 4.6d), which are 

close to the theoretical value42. It should be noted that the ARPES measurement is conducted 

at 30 K to clearly demonstrate the band structure, although the majority of the literature 

discussion is performed between 300 – 800 K, where thermoelectric applications are most 

important38. As a result, rather of looking for a direct signature of the conduction band in our 

Figure 4.5. Temperature-dependent dimensionless figure of merit ZT of SnSe2 along both 

directions. 
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low temperature ARPES data, it is better to focus on giving valuable information on how the 

additional electrons would occupy the conduction band via potassium doping on the surface. 

Band engineering is presented as a viable approach for increasing the ZT of a thermoelectric 

material, although the resulting improvement is generally modest owing to competition among 

the components that comprise the ZT value. ZT is governed by electrical conductivity, Seebeck 

coefficient, and thermal conductivity, all of which rely on charge carrier concentration (n) in a 

contradictory manner, implying that optimizing n is an important strategy for improving ZT. 

For SnSe2, ZT is maximized when n is approximately 1020 cm-3, which is more than the n of 

undoped SnSe2 (~1018 cm-3)38. Our ARPES results clearly indicate that electron doping fills the 

Figure 4.6. The electronic band structure of pristine and potassium (K) doped SnSe2 single 

crystal. (a) Constant energy contour of pristine SnSe2 for the binding energy of -1.36 eV. (b) ARPES 

spectra of pristine SnSe2 along Γ-M direction with VBM at 1.36 eV below EF. (c) Fermi surface of K 

doped SnSe2 with conduction bands at M points. (d) Electronic structures along the momentum 

directions, A and B on (c). Red dots are the peaks of EDCs fitted by Gaussian function and orange 

curves indicate the fitted parabolic curves near the band bottom to extract the effective mass. 
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conduction bands rather than producing the in-gap states that result in the metallic band 

character (Figure 4.6c, d), which contrasts with the semiconducting band character of pure 

SnSe2 (Figure 4.6a, b). This suggests that increased n can improve the thermoelectric 

properties of tin diselenide by changing the band character from semiconducting with n ~ 1018 

cm-3 to metallic with n ~ 1020 cm-3, as produced by electron doping. The partial and total density 

of state calculations (DOS) for SnSe2
43show that the Sn 4p orbitals mostly correlate to the 

lowest conduction bands, with Se 4pz contributing less than Se 4px and 4py. In-plane electrical 

conductivity hence surpasses out-of-plane electrical conductivity. As donor doping increases 

carrier concentration, carriers can partially fill Se 4pz while Se 4px and 4py are already full, 

resulting in a gradual increase in out-of-plane electrical conductivity. The higher ZTc of 0.15 

along the c-axis, compared to ZTab of 0.1 along the ab-plane, indicating better out-of-plane 

thermoelectric properties, which agrees with theoretical calculations. We anticipate a 

significant improvement in thermoelectric efficiency in out-of-plane ZTc when SnSe2 is heavily 

electron-doped. 

4.4. Conclusions 

In conclusion, we used the temperature gradient method to synthesize a high-quality SnSe2 

single crystal. In terms of electrical and thermal conductivity, the bulk sample demonstrated 

substantial anisotropy. At 673 K, an ultralow thermal conductivity of κc= 0.43 W m-1 K-1 was 

obtained, creating a favorable condition for thermoelectric performance. Because of the lower 

out-of-plane thermal conductivity of SnSe2 single crystal, the out-of-plane thermoelectric 

figure of merit (ZTc) value is 0.15 at 673 K, which is higher than the in-plane value. According 

to ARPES results, electronic doping could increase the power factor significantly.  
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Chapter 5. Br-Doped n-Type SnSe2: Single-Crystal Growth 

and Thermoelectric Properties 

5.1. Introduction 

The intra-layer and inter-layer electrical and thermal transport properties of layered structure 

materials are highly anisotropic and can be independently changed, which makes them 

fascinating.44,45 Such structures have poor heat conductivity in the out-of-plane direction due 

to the weak bonding between the layers, making them appealing thermoelectric (TE) materials. 

Several layered structure materials have been described as excellent thermoelectric 

materials, including Bi2Te3, Sb2Te3, and SnSe. SnSe has ultra-low thermal conductivity in both 

in-plane and out-of-plane directions, as well as the ability to dope both electron and hole 

carriers. Single-crystalline SnSe with these properties has a strong TE figure of merit, ZT, in 

both n-type and p-type types and in both directions.9,19,46 The underlying process for ultralow 

thermal conductivity in SnSe single crystals has recently been explored in a range of 

experimental studies.47,48 He et. al. found numerous defects in off-stoichiometric SnSe single 

crystals, including Sn vacancies and Se interstitials, which result in far lower thermal 

conductivities than stoichiometric SnSe samples.47 According to Zhao et. al. , the presence of 

SnSe2 in the SnSe crystal matrix not only adds further Sn vacancies but also forms micro-

domains, which results in a decrease in lattice thermal conductivity due to increased phonon 

scattering.14 These characteristics indicate that SnSe2 plays a key role in improving SnSe 

crystals' TE efficiency. To further understand the behaviors of SnSe2 in SnSe crystals, more 

research into the basic features as well as the thermoelectric properties of SnSe2 single crystals 

is required. 
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SnSe2, a non-toxic and plentiful member of the Sn-Se family, has recently piqued attention 

for a number of thermoelectric applications. With strong intra-layer covalent bonds, two planes 

of Se atoms sandwich one plane of Sn, while a succession of sandwich layers is stacked by 

weak van der Waals forces in SnSe2.
11 Because of its layered crystal structure, SnSe2 has high 

anisotropic electron and phonon transport characteristics.49–51 

Furthermore, some theoretical publications predict that SnSe2 crystals would have excellent 

thermoelectric properties. With a carrier concentration ( 𝑛𝐻 ) of 1019 𝑐𝑚−3 , Wu et al.12 

calculated a 𝑍𝑇 of 0.88 at 800 K with a carrier concentration (𝑛𝐻) of 1019 𝑐𝑚−3. Ding et al also 

estimated a promising 𝑍𝑇 of 2.95 at 800 K for 𝑛𝐻  = 1020 𝑐𝑚−3.13 Because of the greater in-

plane electrical efficiency, both computations resulted in a higher in-plane than out-of-plane 

thermoelectric performance. A recent report52 on the electronic band structure of SnSe2 single 

crystals using angle-resolved photoemission spectroscopy (ARPES) suggested that modifying 

band characters through electron doping could improve the thermoelectric performance of 

SnSe2. Cl-28,53 and Br-doped35,54 SnSe2 polycrystals were fabricated using various methods. 

The maximum reported 𝑍𝑇 values ranged from 0.3 to 0.6 around 673–800 K.28,35,53,54 The 

variations in the ZT values of SnSe2 observed in various investigations are most likely due to 

variances in the degree of texture of the samples,55–57 which is a challenging issue to fully 

control. Furthermore, the usage of Ag or Cu as intercalation defects has been shown to increase 

the TE performance of SnSe2.
54 In Cl-doped SnSe2 polycrystals with AgSnSe2 nano-

precipitates, a peak of ZT = 1.03 was reached along the pressing direction at 789 K.58  

As a result, a single crystal is preferable than a polycrystalline sample for studying the 

intrinsic properties of heavily doped SnSe2. However, few investigations of bulk single-

crystalline SnSe2 have been conducted due to the inherent problems in working with single-
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crystal materials, such as time-consuming manufacturing, poor mechanical characteristics, and 

difficulty in doping and producing large samples. 

Thus, we fabricated large size, high-quality SnSe2 single crystals to explore the intrinsic 

thermoelectric characteristics in both in-plane and out-of-plane directions. Due to the ionic 

radius similarities between Br and Se, bromine (Br) is used as an electron dopant by the 

possible donors. This prevents any disruption to the host SnSe2 material's crystal structure. Our 

findings show that Br doping can be used to optimize carrier concentration, resulting in a 

significant increase in the power factor of SnSe2 single crystals while maintaining the samples' 

intrinsic thermal properties. As a result, Br-doped SnSe2 single crystals with a maximum 𝑍𝑇𝑐 

of 0.54 at 673 K were achieved in the out-of-plane direction. 

5.2. Experimental 

The temperature gradient method, which has previously been utilized for other 

thermoelectric materials,19,52,59,60 was used to produce large undoped and Br-doped SnSe2 

single crystals. High-purity (Alfa Aesar, 5N) powders of Se, Sn, and SnBr2 were weighed using 

the formula Se2-xBrx (x = 0, 0.01, 0.05, 0.10, and 0.15) and sealed in a quartz ampoule of 14-

mm diameter under vacuum (<10-4 Torr). Following that, the sealed ampoules were put in a 

vertical furnace. The ampoules were rapidly heated to 700 °C with a ramp rate of 70 °C h-1 

before being soaked for 16 hours. The temperature was then gradually lowered to 500 °C at a 

rate of 1.0 °C h-1, followed by a fast drop to room temperature (70 °C h-1). We were able to 

get high-quality undoped and Br-doped SnSe2 single crystals with enormous diameters of ~30 

mm × 14 mm (length × diameter). Energy dispersive X-ray spectroscopy was used to examine 

the stoichiometry and elemental distributions (EDS). The materials' layered morphologies were 

examined using a field-emission scanning electron microscope (FE-SEM, JSM-7600, JEOL 
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Ltd., Japan). X-ray diffraction (XRD, Ultimate IV, Rigaku Corporation, Japan) was used to 

study the crystal structures using CuKα radiation ( = 1.54056 Å). 

The single crystals were cut into bar forms with diameters of ~8×2×2 mm3 along both the 

in-plane (ab-plane) and out-of-plane (c-axis) directions to study the electrical transport 

properties. Electrical conductivities () and Seebeck coefficients (S) were measured 

simultaneously using a ZEM-3 equipment (Ulvac Riko, Japan) in the temperature range 300 – 

673 K in a helium environment. 

The laser flash diffusivity technique (LFA-457, NETZSCH, Germany) was used to evaluate 

thermal diffusivity (D) on~6×6×2 mm3 rectangular shape samples. The thermal conductivity 

(𝜅) was estimated using 𝜅 =  𝐶𝑝 × 𝐷 × 𝜌, where 𝐶𝑝 is the specific heat capacity taken from 

previous data61, 𝐷  is the thermal diffusivity, and ρ is the room-temperature mass density 

determined by the Archimedes principle. The electronic component (𝜅𝑒 = 𝐿 ×  × 𝑇), was 

subtracted to get the lattice thermal conductivity (κl), where 𝐿 is the Lorenz number.32 

The van der Pauw configuration was used to measure temperature dependent Hall carrier 

concentrations in a reversible magnetic field of 0.45 T. The obtained samples were sliced into 

ab-plane pieces with dimensions of ~ 6 mm × 6 mm × 0.4 mm. The following equations were 

used to compute the Hall carrier concentration ( 𝑛𝐻 ) and Hall mobility ( µ𝐻 ): 𝑉𝐻/𝐼 =

 𝐻/(𝑛𝐻 × 𝑒 × 𝑡) and µ𝐻 =  /(𝑛𝐻 × 𝑒), where 𝑉𝐻, 𝐼, 𝐻, 𝑒, and 𝑡 are the Hall voltage, applied 

current, magnetic field, electron charge, and sample thickness, respectively. 
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5.3. Result and discussion 

Figure 5.1a shows the SnSe2 crystal structure in the side and top views, with notations for 

in-plane (along the ab-plane) and out-of-plane (along the c-axis) directions. The temperature 

gradient method was used to effectively fabricate large undoped and Br-doped SnSe2 single 

crystals, as shown in Figure 5.1b. The samples obtained have shiny surfaces and can be easily 

cleaved with scotch tape. However, due of the poor bonding along the out-of-plane direction, 

preparing specimens of the required size for characterization is problematic. The transparent 

surface and lamellar microstructure of both undoped and Br-doped SnSe2 single crystals are 

Figure 5.1. (a) Side (left), and top (right) view of the SnSe2 crystal structure. (b) Images of single crystalline Br-

doped SnSe2 with cleaved surfaces along the (001) plane. Undoped and Br-doped SnSe2 XRD patterns of (c) powdered 

and (d) cleaved. 
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clearly visible in FE-SEM pictures (Figure 5.2). Br-SS1, Br-SS2, Br-SS3, and Br-SS4 are the 

names of the Br-doped samples, listed in order of increasing dopant concentration in Table 

5.1. In all samples, EDS tests confirmed stoichiometric ratios of around 1:2 for Sn to Se (Table 

5.1). The exact quantities of Br atoms in the SnSe2 lattice are too small to be measured. EDS 

elemental mapping pictures, as shown in Figure 5.3, reveal the presence and uniform 

distribution of Br atoms across the studied region, which is identical to the distribution of Sn 

and Se. 

Powder and cleaved XRD measurements were used to characterize the crystal structure and 

crystalline phases of the samples, as seen in Figures 5.1c and 5.1d. The diffraction peaks of 

both undoped and Br-doped SnSe2 powders are well indexed to the hexagonal SnSe2 phase 

(JCPDS #01-089-3197). There is no secondary phase to be found. Meanwhile, cleaved XRD 

patterns only show the (00l) crystal plane's diffraction peak, indicating that all samples have a 

preferred orientation along the c-axis. Peak shifts between the undoped and Br-doped SnSe2 

single crystals are not easily noticeable, meaning that the calculated lattice constants are not 

Figure 5.2. Elemental maps of Sn, Br, and Se atoms depicted in pink, 

red, and violet color by EDS for single crystalline Br doped SnSe2. 
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significantly different, as seen in Table 5.2. This finding may be due to the absence of Br 

doping. Owing to the close ionic radii of Br1- (1.96 Å) and Se2- (1.98 Å), Br atoms tend to 

replace Se sites rather than exist within layers. 

Table 5.1. Atomic percentages of undoped and Br-doped SnSe2 as demonstrated from EDS study. 

 at% Sn at% Se 

SnSe2 33.09 66.91 

Br-SS1 32.58 67.42 

Br-SS2 33.82 66.18 

Br-SS3 33.78 66.22 

Br-SS4 32.62 67.38 

The estimated lattice constants for the samples are a = 3.810 ± 0.005 Å and c = 6.119 ± 

0.011 Å, which are in agreement with earlier results.52,62,63 The Archimedes principle yielded a 

mass density of 5.92 ± 0.06 g cm−3 for the samples, which is comparable to the theoretical 

value of 5.95 g cm−3.64 We measured the temperature-dependent carrier concentration for all 

samples from 300 to 673 K to explore the influence of Br doping on the charge carriers in 

SnSe2 single crystals. Figure 2a shows the Hall resistances of undoped and Br-doped SnSe2 

single crystals as a function of magnetic field at 673 K. Clearly, both samples have a negative 

slope on their Hall resistance versus H curves, indicating that electrons are the predominant 

carrier. Additionally, the carrier concentration ( 𝑛𝐻 ) of the Br-doped SnSe2 samples is 

significantly higher than that of the undoped samples (Figure 5.4b). Specifically, the room 

temperature 𝑛𝐻 rises 45 times from 1.49 × 1018  𝑐𝑚−3 for the undoped SnSe2 to 6.83 × 1019 

𝑐𝑚−3 for sample Br-SS4 (Table 5.2). The obtained 𝑛𝐻 of 6.83 × 1019 𝑐𝑚−3 in sample Br-SS4 

is one of the highest carrier concentrations ever reported in the SnSe2 system. We were unable 

to get even greater carrier concentrations at room temperature due to doping limitations. These 

findings demonstrate effective n-type doping of SnSe2 crystals using Br as a donor and tuning 

of the carrier concentration through doping amount variation. The carrier concentration 
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increased with temperature in the undoped SnSe2 sample across the entire temperature range 

of the experiment, while it reached saturation at about 500K in the Br-doped samples.  

Table 5.2.  Summary of room temperature parameters of of Br-Doped SnSe2 Single Crystals: Lattice Constants, 

Carrier Concentrations (nH), Mobilities (μH), Electrical Conductivities (σ), and Seebeck Coefficients (S). 

Sampl

e Name 

Lattice constants [Å] 

𝑛𝐻 

[1019 cm−3

] 

𝜇𝐻 

[cm2V−1s−1] 

𝜎 [S cm−1] 𝑆 [μV K−1] 

a c   𝜎𝑎 𝜎𝑐 𝑆𝑎 𝑆𝑐 

SnSe2 3.81049 6.11875 0.15 29.02 6.9 2.5 -528 -513 

Br-

SS1 

3.80999 6.11875 1.80 28.96 83.3 30.8 -342 -312 

Br-

SS2 

3.81088 6.11875 4.67 28.21 

210.

6 

77.4 -270 -233 

Br-

SS3 

3.81049 6.11875 5.38 29.84 

257.

0 

86.2 -232 -205 

Br-

SS4 

3.81100 6.11875 6.83 30.84 

337.

0 

75.1 -186 -166 

In the temperature range of 300–673 K, the temperature-dependent electrical conductivities 

(𝜎) of undoped and Br-doped SnSe2 single crystals were measured and displayed in Figure 

5.5a and b. Electrical conductivity patterns in both the in-plane and out-of-plane directions are 

almost identical. The electrical conductivity grows with carrier concentration over the whole 
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experimental temperature range. At 300 K, the electrical conductivity in the in-plane direction 

(𝜎𝑎) at 300 K increases from 6.9 in undoped SnSe2 to 337 𝑆 𝑐𝑚−1 in Br-SS4. 

Notably, in heavily doped samples, out-of-plane electrical conductivity continues to saturate 

rather than gradually rising, like it does in the in-plane direction. As the temperature increases, 

the 𝜎 of all samples displays an unusual pattern of decreasing continuously, displaying metal-

like behavior.  Figure 5.5c, d represent the Seebeck coefficient's behavior as a function of 

Figure 5.3. (a) 𝑉𝐻/𝐼 versus magnetic field curves at 673 K. (b) Temperature-

dependent carrier concentration of undoped and Br-doped SnSe2 single crystals. 
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temperature for all samples in both directions. The presence of a negative sign in the Seebeck 

coefficient over the whole temperature spectrum implies n-type conduction properties, which 

matches Hall test results. Due to higher 𝑛𝐻, the magnitudes of the Seebeck coefficients in Br-

doped SnSe2 samples are lower than in undoped single crystal. Specifically, at 300 K, the 𝑆𝑎 

along the out-of-plane direction decreases from –513 μV K−1  for undoped SnSe2 to –312 

 μV K−1 for sample Br-SS1, and then to –166  μV K−1 for sample Br-SS4. Intriguingly, in all 

samples, 𝑆 increases linearly with temperature, corresponding to a decrease of 𝜎. For example, 

at 300 K and 673 K, the out-of-plane Seebeck coefficients in sample Br-SS3, are 𝑆𝑐 = –205 

μV K−1 and 𝑆𝑐 = –297 μV K−1, respectively. 

The thermoelectric power factor (PF) of all samples along both directions is determined 

using the electrical conductivity and the Seebeck coefficient, as seen in Figure 5.5e and f. It 

can clearly be shown that the PF decreases with rising temperature, owing to a reduction in 

electrical conductivity. The in-plane 𝑃𝐹𝑎 significantly increases from 1.92 μW cm−1 K−2 for 

the undoped SnSe2 to 15.56 μW cm−1 K−2 for the Br-SS2 sample at 300 K. In comparison, 

those 𝑃𝐹𝑎 values are 1.56 and 9.43 μW cm−1 K−2 at 673 K for the undoped SnSe2 and Br-SS2 

sample, respectively. More interestingly, at elevated temperatures, the 𝑃𝐹𝑎  values in the 

heavily Br-doped samples are similar, whereas the out-of-plane power factor (𝑃𝐹𝑐) of the Br-

SS4 sample is lower than those of the Br-SS2 and Br-SS3 samples due to the smaller Seebeck 

coefficients at higher carrier concentration levels. At 673 K, the highest power factors of 𝑃𝐹𝑎 

= 9.43 μW cm−1 K−2 and 𝑃𝐹𝑐 = 3.43 μW cm−1 K−2 are achieved in sample Br-SS4 and Br-

SS3, respectively. 
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Figure 5.4. Temperature-dependent (a-b) electrical conductivities 𝜎(T), (c-d) Seebeck coefficient 𝑆(T), and 

(e-f) power factor 𝑃𝐹(T) along in-plane and out-of-plane direction, respectively. 
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The carrier mobilities ( 𝜇𝐻 ) for all samples are calculated from the obtained carrier 

concentrations and electrical conductivities and are shown in Figure 5.6. Remarkably, 

variations in carrier concentration appear to have little effect on carrier mobility. This 

observation supports the notion that Br doping has no effect on SnSe2 crystal quality, as shown 

by the XRD data. This crystal quality is an important factor that enables high 𝑃𝐹s and 𝑍𝑇s in 

the single-crystalline SnSe2 samples. Both undoped and Br-doped SnSe2 single crystals have 

𝜇𝐻 values that are comparable with those previously reported for crystalline SnSe2,
20,52 and 

substantially greater than those reported for SnSe2 polycrystals, which are impeded by grain 

restrictions.28,33,35,53 Furthermore, the temperature dependence of carrier mobility in all samples 

demonstrates the primary scattering mechanism of acoustic phonons,34 resulting in a decrease 

of 𝜇𝐻 with a ~𝑇−1.5 dependency across the whole experimental temperature range. Compared 

to the increase of 𝑛𝐻, the decrease of 𝜇𝐻 has a greater impact on the temperature dependance 

of electrical conductivity and Seebeck coefficient, as mentioned above (Figure 5.5). 

Figure 5.5. Temperature-dependent carrier mobility for undoped and Br-doped 

SnSe2 single crystals. 



61 

 

 

The 𝜅 − 𝑇 curves on a logarithmic scale presented in Figure 5.7a, and Figure 5.8a, b 

indicate that the total thermal conductivity and lattice thermal conductivity both have a linear 

temperature dependence in all samples, obeying the  𝑇−1 law, independent of the Br doping 

concentration. This implies that the phonon-phonon scattering process is mostly responsible 

for the 𝜅𝑙  of all samples. Furthermore, for all Br-doped, the 𝜅𝑙  is almost equal to the total 

Figure 5.6. (a) Temperature-dependent lattice thermal conductivity (κl). 

(b) The ratio of lattice thermal conductivities (κl) to total thermal 

conductivities (κ). 
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thermal conductivity 𝜅, showing that phonons play a significant role in heat transport (Figure 

5.7b). Total thermal conductivity in both crystal directions is very compatible with earlier 

theoretical estimates and experimental measurements in SnSe2 single crystals in terms of 

magnitude and temperature dependence.27,52 Heavy doping, in general, generates point defects 

that act as scattering centers, resulting in poor lattice thermal conductivity. However, because 

the actual doping concentration is negligible, as described in the preceding section, a reduction 

in lattice thermal conductivity is unlikely. At 673 K, sample Br-SS3 has lowest values of 𝜅𝑎 = 

2.37 (in-plane) and 𝜅𝑐 = 0.43 W m−1K−1 (out-of-plane), which are not substantially different 

from the others. At the same temperature, the out-of-plane in SnSe2 single crystals is 

comparable to that of a high TE performance SnSe single crystal.9,19,47  

The lower out-of-plane thermal conductivity is due to crystal structural anisotropy, which 

shows poor inter-layer van der Waals bonding when compared to intra-layer covalent bonding. 

The electrical conductivity has anisotropic characteristics as well. In all samples, the in-plane 

electrical conductivity is greater than the out-of-plane conductivity. The anisotropic ratio of 

𝜎𝑎/𝜎𝑐, on the other hand, is lower than that of 𝜅𝑎/𝜅𝑐, which is consistent with the partial and 

total DOS estimates for SnSe2.
12,43 Accordingly, ss carrier concentration rises, electrons fill the 

Se 4𝑝𝑧 and Sn 5𝑠 orbitals, , increasing out-of-plane electrical conductivity. The variation in 

Seebeck coefficients in each direction is insignificant in comparison to variances in electrical 

or thermal conductivity, yet it is nevertheless visible. In all samples, the Seebeck coefficients 

fall somewhat from 𝑆𝑎 to 𝑆𝑐. Wu et al. anticipated this result using DOS and effective mass 

analysis of SnSe2.
12 On SnS2, a material with the same structure as SnSe2, a similar effect was 

found.65 For example, in sample Br-SS3, the ratios 𝜎𝑎/𝜎𝑐 , 𝑆𝑎/𝑆𝑐, and 𝜅𝑎/𝜅𝑐 at 673 K are 2.28, 

1.06, and 5.57, respectively. 
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As a result, despite the improved power factor performance along the in-plane direction, 

both the undoped and Br-doped SnSe2 samples had greater out-of-plane 𝑍𝑇𝑐 values, indicating 

superior thermoelectric performance along the out-of-plane direction. All samples' 𝑍𝑇𝑎  and 

𝑍𝑇𝑐 grow linearly as the temperature rises as seen in Figure 5.8c and d. At 673 K, sample Br-

SS3 achieves a maximum 𝑍𝑇𝑐 of 0.54 is achieved at 673 K along the out-of-plane direction, 

which is about 7 times more than that of the undoped SnSe2 (𝑍𝑇𝑐 = 0.08). Meanwhile, the 

corresponding in-plane peak 𝑍𝑇𝑎 is significantly smaller, reaching just 0.25 at 673 K. The ZT 

value was considerably improved by optimizing carrier concentration via Br doping, according 

to our findings. The 𝑍𝑇𝑐  peak of 0.54 at 673 K is larger than most reports of SnSe2 

polycrystals,28,34,35,53,54,66 and is comparable to the highest 𝑍𝑇 value recorded from Ag and Cl 

co-doped SnSe2 polycrystals, also in the out-of-plane direction,58 at the same temperature. 

Several recent studies have shown that Ag or Cu intercalated in layers can improve 

thermoelectric performance even further.53,58,67  

5.4. Conclusions 

To study the thermoelectric properties in both the in-plane and out-of-plane directions, we 

successfully fabricated large Br-doped SnSe2 single crystals. The carrier concentration is tuned 

by using Br as the donor, substantially improving the thermoelectric performance of SnSe2. 

Furthermore, when the temperature rises, the carrier mobility decreases, contributing mostly to 

the metallic behavior of the transport properties. The thermoelectric transport properties of the 

two crystal directions showed different degrees of anisotropy. Strong anisotropy in thermal 

conductivity is obtained due to weak interlayer van der Waals bonding, with significantly lower 

values along the out-of-plane direction. In Br-doped SnSe2 single crystals, the low 𝜅𝑐 of 0.43 
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W m−1K−1 leads to a maximum 𝑍𝑇𝑐 of 0.54 at 673 K, which is two times greater than  𝑍𝑇𝑎 

and seven times greater than the corresponding 𝑍𝑇𝑐 in undoped SnSe2. 
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Chapter 6. Conclusions and future work 

6.1. Conclusions 

This thesis outlines all of my academic accomplishments during my Ph.D. career. This thesis 

starts with an introduction to thermoelectric materials and thermoelectric devices, followed by 

the fabrication and analysis of layered bulk materials, specifically SnSe2 single crystals. 

Anisotropic thermoelectric properties are exhibited by SnSe2 crystals Especially, a very low 

thermal conductivity was observed in the out-of-plane direction. Since then, I have optimized 

the power factor to enhance thermoelectric performance in this direction, and I have seen a 

significant improvement. These research achievements can be listed as follows: 

First, bulk SnSe2 single crystals were synthesized to investigate their thermoelectric 

properties. The element composition, the total mass of the compound, rate of temperature rises 

or decrease, and soaking time are tailored for high-quality and large single-crystal samples. 

The PPMS system has been modified to better serve testing needs and improve performance. 

The LabVIEW platform was used to create the measurement program. With high stability and 

precision, the program can measure four samples simultaneously and automatically, including 

resistance, Hall effect, and Seebeck coefficient measurements. Additionally, the measurement 

results are processed and calculated immediately during the test. 

The thermoelectric properties of SnSe2 single crystals were investigated from 300 to 673 K. 

The samples show n-type semiconductor properties with a carrier concentration of 2.3 × 1018 

cm-3 at 300 K. Anisotropy in electrical and thermal conductivity is observed in the sample. The 

thermal conductivity is more anisotropic in particular, with a very low out-of-plane 

conductivity value 𝜅𝑐 = 0.43 𝑊 𝑐𝑚−1𝐾−2 at 673 K. As a result, even if the power factor in 

the out-plane direction is lower, the ZT in this direction is still superior to the ZT in the in-plane 
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direction. However, this ZT value is not yet optimal for thermoelectric applications. 

Fortunately, the ARPES data suggests that electron doping may improve the TE performance 

of SnSe2. 

Secondly, we have successfully doped single crystal SnSe2 with electrons. Br acts as a donor 

that increases the carrier concentration to 1020 cm-3 at high temperatures. The power factor was 

improved significantly in both crystal directions, while crystalline thermal conductivity was 

almost unaffected. The highest ZT value of 0.54 at 673 K was obtained along the out-of-plane 

direction. 

6.2. Future works 

While thermoelectric performance of SnSe2 single crystals has been greatly improved, the 

ZT value still has a lot of room for improvement. Indeed, electronic doping greatly improves 

out-of-surface electrical conductivity; however, this improvement seems to be restricted to the 

region of high carrier concentration. Although conductivity increases with carrier concentration 

in the in-plane direction at room temperature, conductivity in the out-of-plane direction cannot 

reach 100 S cm-1. Fortunately, where compatible doping elements are chosen, several 

experiments have shown that overlapping interlayer charge density or intercalations improve 

charge transfer between layers.53,58,68 As Cl is doped into single-crystalline SnSe2, the out-of-

plane electrical conductivity significantly improves over Br doped samples at the same elevated 

carrier concentration. Since the data were collected at two separate temperature ranges, a clear 

comparison can be made based on trends and value points near to room temperature, as seen in 

Figure 6.1. The out-of-plane electrical conductivity of the 3% Cl doped SnSe2 sample 

approached 250 S cm-1 at 300 K, approximately three times that of the BrSS4 sample, 

considering the fact that the conductivity of these two samples is not significantly different in 



67 

 

the in-plane direction. Additionally, another sample, 5% Cl doped SnSe2, was examined. Large 

conductivity values were also observed, even exceeding those of the 3% Cl doped SnSe2 

sample. The out-of-plane Seebeck coefficient in 3% Cl doped SnSe2 is slightly lower than in 

BrSS4, which is consistent with the in-plane electrical conductivity values of these two 

samples. At 300 K, the measured power factor of 7 µW cm-1 K-2 in the 3% Cl doped SnSe2 

sample is twice as high as the highest value in the Br doped samples. Assuming that the thermal 

conductivity of the Br and Cl doped samples is the same, the ZT value for the Cl doped samples 

may achieve level 1 at high temperature region near 673 K . At the carrier concentration of 1020 

cm-3 for SnSe2, the doping concentration is actually very low, and the contribution of electronic 

thermal conductivity is also negligible, so the above assumption is reasonable. However, 

further steps must be taken to verify this expectation. Studies must also be based on explaining 

the mechanism that induces high conductivity along the out of plane direction. 

 

Figure 6.1. Comparison of electrical conductivity (a) and Seebeck coefficients (b) on Cl and Br doped SnSe2 

samples 

Another important consideration is the thermal stability of SnSe2 single crystals. The 

thermoelectric performance of SnSe2 increases continuously with temperature, according to the 

experimental results. However, the thermoelectric properties are only conducted up to 673 K 

since the sample is no longer stable beyond this temperature due to Se volatilization. According 
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to some reports, doping elements such as Cu and Ag will stabilize the Se-elements in SnSe2 

and thus improve the thermal stability of polycrystalline materials. Consideration and testing 

on SnSe2 single crystals are needed. Combining an improvement in out-of-plane thermoelectric 

performance with an increase in thermal stability at high temperatures could allow SnSe2 a 

possible material for thermoelectric applications, besides SnSe.   
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