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Abstract 

 

The consumption of energy increases continuously because of the growth of 

economy, industry and global population; meanwhile there is large amount of heat 

dissipation lost as waste energy. This problem presents from large-scale, such as the 

hot fluids including exhaust gases in power plants, to small-scale such as the hot spots 

with higher power density in the microprocessors. There is a need for developing 

appropriate ways to collect or reuse the dissipated heat, among them thermoelectric 

devices can address the problem with advantages of compact, reliable and produce no 

pollutants. Throughout the development of thermoelectricity, different approaches for 

enhancing thermoelectric figure of merit were proposed and investigated, and different 

materials were discovered to have extraordinary thermoelectric properties. Among 

these materials, SnSe single crystal exhibits ultralow thermal conductivity and very 

high figure of merit. SnTe is another candidate who has similar crystal and electronic 

band structure as PbTe which is a well-known good thermoelectric material but contain 

toxic lead. Both SnSe and SnTe show potential to be prominent thermoelectric 

materials. 

In this work, two approaches enhancing the thin film thermoelectric figure of 

merit are investigated, namely grain size reduction and multilayered structure. SnSe 

thin films with different grain sizes are deposited, and their structural and 

thermoelectric characteristics are studied. SnTe and multilayered thin films composed 
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of SnSe and SnTe are also deposited to investigate the difference of structural and 

thermoelectric properties between them. 

SnSe thin films are fabricated by pulsed-laser deposition at normal angle and 

glancing angle on different substrates. With glancing angle deposition, nanopillar 

structure is achieved in the SnSe film, presenting smaller grain size than that of the 

normal angle grown film. The Seebeck coefficient of the nanopillar structured film is 

enhanced with the power factor attains 18.5 𝜇𝑊𝑐𝑚−1𝐾−2 due to the energy barrier 

scattering.  

SnTe film and a multilayered thin film with six alternating layers of SnSe and 

SnTe are deposited, and a layer-by-layer growth is demonstrated in the multilayered 

film. The studies in thermoelectric properties for the multilayered film also show an 

improvement in Seebeck coefficient compared to the SnTe film, leading to an 

increased power factor.  

The investigations done in this work revealed the effect of grain size and 

multilayered structure to the thermoelectric properties of SnSe and SnTe thin films. 

These results provide strategies for enhancing figure of merit of thermoelectric thin 

films. 
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Chapter 1 Introduction 

 

Due to the rapid growth of economy, industry and global population, the energy 

demand is continuously ascending. In a research done by the United States Energy 

Information Administration in 20171, the need of energy in the state is increasing over 

decades, and it can be foreseen that in the future the consumption will keep growing 

as shown in Figure 1.1, this situation is similar all over the world. To handle with the 

huge amount of energy demand, the energy is now mainly provided by fossil fuels 

including natural gas, coal, and oil.  

These energy sources typically are burned and converted to heat, after that the heat 

energy is used directly or converted to useful mechanical work through 

thermodynamic processes. These systems usually take heat energy as the first step of 

energy conversion; however a large amount of heat is leaked from the hot fluids 

including exhaust gases, and the surface of the hot parts such as engines through 

conduction, convection and radiation. According to a research done by Energetics2, the 

amount of heat dissipated to the surroundings can range up to 50% of energy input. 
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Figure 1.1. Prediction of total energy consumption up to 20401. 

 

Not only in industrial region, heat dissipation occurs also in electronic devices such as 

IC chips. Nowadays there is a high demand on microprocessors, especially in some 

industries like computer, instrumentation and communication. In these 

microprocessors the power density is estimated to be 100 W/𝑐𝑚2, and as the transistor 

density in an integrated circuit (IC) unit is continuously increasing deduced by 

Moore’s law3, the power density inside a microprocessor is expected to be increasing. 

In an IC unit, the regions with the higher power density are usually described as “hot 

spots”, and these hot spots mainly cause the fatal thermal failure. To handle the uneven 

power dissipation in place and time regimes, providing site specific and on-demand 

cooling becomes a strategy4.  

To provide local cooling, or even reuse the waste heat from small-scale components 

like IC units to large-scale systems such as exhaust gas pipes in power plants, 

thermoelectric (TE) device is a good candidate to address the problem. TE devices are 
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systems without working fluids or moving parts, which make them compact, reliable 

and noise free; also by making use of TE effect, TE devices produce no pollutants. 

However, because of the interdependence between the physical properties which are 

discussed in the later section, the bulk materials’ figure of merit, zT, which is an 

indicator of thermoelectric performance, was limited to around one at room 

temperature. Later in 1993, it was proposed that in low dimensional structures such as 

quantum wells, the zT can be greatly enhanced because of the confinement of carrier 

from 3D to 2D, and the phonon scattering by the interface between layers5,6. After this 

prediction, research interest about experiments and modeling on low dimensional TE 

materials was aroused. 

 

1.1 Historical development of TE effects 

 

TE effects can be separated into Seebeck effect, Peltier effect and Thomson effect. 

From 1821 to 1851, knowledge about thermoelectricity experienced an important 

development. The first effect named Seebeck effect was discovered in 1821, a German 

physicist Thomas Johann Seebeck discovered that for two dissimilar conductors, if 

they form a closed loop with one of the junctions heated, a nearby compass needle will 

be deflected. He erroneously reported this discovery in 1823 that the interaction was a 

magnetic phenomenon, although it is a TE effect with the wisdom of hindsight7. After 

12 years, Peltier observed that when a current passes through a junction between two 

dissimilar conductors, heat is absorbed or generated at the junction depending on the 
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direction of the current8, so this phenomenon was named as Peltier effect. In 1951, W. 

Thomson predicted the third TE effect, the Thomson effect, by establishing the 

relationship between Seebeck and Peltier coefficients, this effect reveals that given a 

single homogeneous conductor in the presence of a temperature gradient, the 

conductor will absorb or release heat when a current passes along the conductor 

depending on the direction of the current flow9. 

 

1.2 General principles of thermoelectricity 

 

When a thermal gradient is applied to the two ends of a TE material with single type 

of carrier, the mobile charge carriers, which are electrons (e-) or holes (h+), tend to 

diffuse from the hot end to the cold end carrying charge and heat. The varied carrier 

distribution between the two ends during the diffusion, consequently, creates an 

electrostatic potential difference, which is known as Seebeck effect. Reversely, the 

mobile carriers can be driven from one end of TE material to the other end if a current 

is applied. This is named as Peltier effect. 

Figure 1.2 illustrates the circuits of thermoelectric generator (TEG) and thermoelectric 

cooler (TEC) by utilizing Seebeck and Peltier effects respectively. They consists of 

two couples namely a p-type and an n-type couple; and the two couples are connected 

electrically in series and thermally in parallel. In the p-type couple the free charge 

carriers are holes, whereas electrons are the mobile carriers in n-type material. As 

shown in Figure 1.2a, when heat is applied to the top of a TEG, the mobile charge 
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carriers diffuse from the hot junction to the cold junction, subsequently the heat loaded 

by carriers can be ejected from the cold junction to an additional heat sink. Notably 

the diffusion of the two types of carrier still results in one direction of current flow. In 

a Peltier cooler (Figure 1.2b), a DC power supply drives the carriers through the 

thermocouple, and that the carriers flow from the bottom of TEC to the top, carrying 

the heat. To make the device work, a heat sink should be applied to the hot junction.  

 

 

Figure 1.2. Illustration of (a) a thermoelectric generator circuit and (b) a 

thermoelectric cooler circuit. 

 

When many pairs of thermoelectric circuit are electrically connected, a thermoelectric 

module can be realized, as shown in Figure 1.3. Da Silva et al.10 implemented a thin 

film thermoelectric cooler (TFTEC). The TFTEC contained up to 300 pairs of 

thermocouples, where Bi2Te3 was the n-type couple and Sb2Te3 for the p-type couple. 

The columns of thermocouple were 4 𝜇𝑚  high and the cross-sectional areas were 
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down to 7 x 7 𝜇𝑚2. Each column was connected by Cr/Au and Ti/Pt films with 200 

nm and 20 nm thick, respectively. Figure 1.4 shows the structure and Scanning 

Electron Microscope (SEM) images of the TFTEC. 

 

Figure 1.3. Illustration of a thermoelectric module.11 
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Figure 1.4. TFTEC with Bi2Te3 as the n-type couple and Sb2Te3 as the p-type couple. 

(a) Schematic of the TFTEC structure showing thicknesses of the films. (b) SEM 

image of one of the couple. (c) SEM of the TFTEC with 50 thermoelectric pairs.12 

 

The small TFTEC can be used in Thermal Interface Material (TIM). Figure 1.5 shows 

an illustration of an electronic component, TFTEC forms a TIM between the 

component and the heat sink, nanoparticles are added into the TIM to enhance the 

thermal conductivity of TIM. When heat is generated in the electronic component, it 

will be transfer to the TIM. The TFTEC here acts as an active cooler, and by applying 

voltage to the TFTEC, it will forward the heat from TIM to heat sink. 
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Figure 1.5. Illustration of thermal interface material sandwiched by electronic 

component and heat sink.13 

 

1.3 Factors evaluating a TE material 

 

Upon the discoveries of TE effects, the factors affecting the performance of a TE 

material remained unclear until a satisfactory TE theory was proposed. Altenkirch14,15 

showed that a potential TE material should possess a large Seebeck coefficient and a 

high electrical conductivity to minimize joule heating. In addition the material should 

retain a low thermal conductivity to maintain the temperature difference between the 

hot and cold junctions. He established a dimensionless figure of merit zT, zT = 

𝜎𝛼2𝑇/(𝜅𝐿 + 𝜅𝑒) , where 𝜎 , α , T, 𝜅𝐿  and 𝜅𝑒  represent electrical conductivity, 

Seebeck coefficient, temperature in Kelvin, lattice thermal conductivity and electronic 

thermal conductivity respectively. Moreover, zT consists of two parts including 

electronic part and thermal part, where the electronic part, 𝜎𝛼2, is called the power 

factor, and thermal part is the sum of lattice and electronic thermal conductivities. In 

the following, those physical properties contributed to zT are introduced specifically. 
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1.3.1 Seebeck coefficient 

 

Seebeck coefficient is also known as thermopower with SI unit of 𝑉/𝐾 or more often 

𝜇𝑉/𝐾, and it can be measured by the ratio between the induced Seebeck voltage and 

the temperature difference across the TE material. The mathematical presentation of 

Seebeck coefficient is given by: 

𝛼𝑣 = −
∇𝑟𝜑𝑣

∇𝑟𝑇
                                                                (1.1) 

where ∇𝑟𝜑𝑣  is the spatial gradient of chemical potential and ∇𝑟𝑇  is the spatial 

temperature gradient, ν denotes whether the mobile carrier is electron or hole. The 

short circuit condition of current density in terms of chemical potential and 

temperature gradient is expressed as: 

𝑗𝜈 = −𝑠𝜈𝜇𝜈𝜈∇𝑟𝜑𝜈 − 𝜇𝜈𝜈
𝑘𝐵

𝑞
(

5

2
− 𝑙𝑛

𝜈

𝑁𝐶,𝑉
) ∇𝑟𝑇 = 0                          (1.2) 

Assume the mobile carriers are in local thermal equilibrium with lattice, such that the 

carrier temperature is equal to the lattice temperature: 

𝑇𝜈 = 𝑇𝐿 = 𝑇                                                                (1.3) 

By applying equations 1.3 and 1.2 into 1.1, a generalized definition of Seebeck 

coefficient is obtained: 

𝛼𝑣 = 𝑠𝜈

𝑘𝐵

𝑞
(

5

2
− 𝑙𝑛

𝜈

𝑁𝐶,𝑉
)                                                (1.4) 

Specifically, the Seebeck coefficients of n-type material and p-type material are 

presented respectively as: 

𝛼𝑛 = −
𝑘𝐵

𝑞
(

5

2
− 𝑙𝑛

𝑛

𝑁𝐶
)                                                (1.5) 
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𝛼𝑝 =
𝑘𝐵

𝑞
(

5

2
− 𝑙𝑛

𝑝

𝑁𝑉
)                                                (1.6) 

In equations 1.5 and 1.6, 𝑘𝐵 is the Boltzmann constant, q is charge of electron, n and 

p denote the carrier concentration of electron and hole, 𝑁𝐶   and 𝑁𝑉  represent the 

effective density of states of conduction band and valence band, respectively. Note that 

the equations do not involve scattering terms, so a term 𝑟𝜈 denoting the relaxation 

time of different scattering mechanisms can be introduced: 

𝛼𝑛 = −
𝑘𝐵

𝑞
(

5

2
+ 𝑟𝑛 − 𝑙𝑛

𝑛

𝑁𝐶
)                                                (1.7) 

𝛼𝑝 =
𝑘𝐵

𝑞
(

5

2
+ 𝑟𝑝 − 𝑙𝑛

𝑝

𝑁𝑉
)                                                (1.8) 

 

1.3.2 Electrical conductivity and thermal conductivity 

 

Electrical conductivity of a material is related to the carrier density and the carrier 

mobility, with unit of S/cm. For an isotropic conductor, the electrical conductivity can 

be presented as: 

𝜎 =
1

𝜌
= 𝑛𝑞𝜇𝑛 + 𝑝𝑞𝜇𝑝                                                    (1.9) 

where 𝜎, 𝜌, 𝑛, 𝑞, 𝜇𝑛, 𝜇𝑝 and  𝑝 are electrical conductivity, electrical resistivity, 

electron concentration, electron charge, electron carrier mobility, hole carrier mobility 

and hole concentration, respectively. In addition, if n>>p or p>>n, 𝜎 can be simplified 

as 𝑛𝑞𝜇𝑛 or 𝑝𝑞𝜇𝑝 . 

Mobility is associated with carrier effective mass and scattering mechanisms, the 

mathematical expression of it is: 
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𝜇 =
𝑞𝜏

𝑚∗
=

𝑞𝜆𝑐

𝑚∗𝜈
                                                      (1.10) 

where 𝜏, 𝑚∗, 𝜆𝑐 and 𝜈 are carrier mean free time, effective mass, carrier mean free 

path and group velocity of different scattering process, respectively. Based on 

equations (1.9) and (1.10) mobility decreases when the effective mass of carrier 

increases; to obtain a high electrical conductivity, the material should have small 

effective mass and high carrier concentration. 

Thermal conductivity 𝜅 represents how well the material conducts heat, and it is the 

sum of electronic thermal conductivity 𝜅𝑒 and lattice thermal conductivity 𝜅𝐿: 

𝜅 = 𝜅𝑒 + 𝜅𝐿                                                    (1.11).  

Electronic thermal conductivity is related to the heat transfer by electrons and holes, 

and moreover, it forms a relationship with electrical conductivity through the 

Wiedemann-Franz law11,16,17: 

𝜅𝑒 = 𝐿0𝜎𝑇 = 𝐿0𝑛𝑒𝜇𝑇                                             (1.12) 

In the equation 𝐿0  is Lorenz number. In vacuum and solids, 𝐿0  are 2.4 ×

10−8(𝐽2𝐾−2𝐶−2)  for free electrons, at that time electrons only undergo elastic 

collisions. 

Lattice thermal conductivity is the ability of heat conduction by phonon, it can be 

expressed as11,16,17: 

𝜅𝐿 =
1

3
𝐶𝑝𝜈𝜑𝜆𝜑                                                          (1.13) 

where 𝐶𝑝, 𝜈𝜑 and 𝜆𝜑 stand for the specific heat, phonon velocity and phonon mean 

free path respectively. It is complicated to solve equation (1.13) because a spectrum of 

phonon needs to be calculated with wide range of frequencies and mean free paths, as 

well as different scattering mechanisms11.  
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1.4 Tradeoff of zT between TE properties in bulk 

materials 

 

By looking at equations (1.7), (1.8), (1.9) and (1.12) in the previous section, it is found 

that the Seebeck coefficient, electrical conductivity and electronic thermal 

conductivity are interrelated with the carrier concentration or mobility. The 

interdependent relationship makes the optimization of zT more complicated. 

 

1.4.1 Effect of different carrier concentrations 

 

To achieve a high Seebeck coefficient, two things should be guaranteed. First, there 

should be only one type of carrier, either electrons or holes, if there is mixing of n-type 

and p-type conduction, the both charge carriers which diffuse to the cold end will 

cancel the induced Seebeck voltage. Other than that, a material with large Seebeck 

coefficient should have low carrier concentration, this requirement can be expected 

through equation (1.7) and (1.8) mathematically. For the ease of discussion, a 

simplified model of Seebeck coefficient can be used. For metals or degenerate 

semiconductors with parabolic band and energy-independent scattering approximation, 

Seebeck coefficient can be written as: 

α =
8𝜋2𝑘𝐵

2

3𝑒ℎ2
𝑚∗𝑇(

𝜋

3𝑛
)2/3                                               (1.14) 
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where h in the equation is the Planck’s constant. From equation (1.14), the carrier 

concentration is inversely proportional to the Seebeck coefficient, however by 

equation (1.9) and (1.12) the carrier concentration is directly proportional to the 

electrical conductivity and carrier thermal conductivity, so the TE material’s carrier 

concentration should be taken under a consideration. Figure 1.6 shows a compromise 

between large Seebeck coefficient, high electrical conductivity and low thermal 

conductivity so as to maximize zT, the peak occurs when carrier concentration ranges 

from 1019 to 1021𝑐𝑚−3, which is within the carrier concentration range of metals 

and heavily doped semiconductors. 

 

 

Figure 1.6. Relationship of carrier concentration to Seebeck coefficient, electrical 

conductivity, power factor, thermal conductivity and zT.11 
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1.4.2 Effect of different effective masses 

 

From equation (1.14), (1.10) and (1.9), 𝑚∗  refers to the density of state (DOS) 

effective mass. At Fermi surface of flat, narrow bands the DOS effective mass will be 

high. Similar to the effect of carrier concentration, a large effective mass increases 

Seebeck coefficient, but it will also reduce the carrier mobility, leading to a reduction 

of electrical conductivity and electronic thermal conductivity. So to optimize zT a 

compromise should be formed between high effective mass and high mobility. Among 

the good TE materials, materials with high mobility and low effective mass are 

typically made from elements with small electronegativity differences, such as SiGe 

and GaAs, while materials with low mobility and high effective mass usually have 

narrow bands, typical examples are oxides and chalcogenides. 

 

1.4.3 Effect of thermal conductivity 

 

The contribution of carrier in thermal conductivity is expressed in equation (1.12), in 

the equation the Lorenz factor varies with material’s carrier concentration. In materials 

with low carrier concentration the Lorenz number can be reduced to 80% of the free 

electron value. Also the Wiedemann-Franz law does not include a bipolar term which 

is an uncertainty in mixed conduction, this will lead to erroneously estimation of 

thermal conductivity18. 

Regarding a material with low lattice thermal conductivity, glass is a good candidate. 
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Because of the short range order of crystal lattice in glass, the thermal conductivity in 

glass can be viewed as a random walk of energy rather than a rapid transport through 

phonons. However glass is not a good TE material because of the lack of “electron-

crystal” properties. A good TE material should be a crystalline material that can scatter 

spectrum of phonons with wide range of mean free paths and wavelengths without 

making a significant disruption of electrical conductivity. Therefore a good TE 

material should be an unusual material with phonon scattering agents at different 

wavelengths. 

 

1.5 Different approaches to enhance zT 

 

Over the past few decades, researchers have been trying to enhance the TE figure of 

merit zT, and a great progress has been made. Figure 1.7 summarizes those reported 

zT values, where the development of thermoelectricity can be divided into three 

generations considering the zT values. Since the observation of Seebeck effect in 1821, 

zT values of different TE materials were around 1 until 1990; this was called the first 

generation. After Hicks et al.5,6 proposed the zT enhancement by lowering materials’ 

dimensions in 1993, the second generation of TE development has pushed the 

materials’ zTs to about 1.7, by introducing nanostructures and size effects. Among the 

first and the second generation, those TE materials can be divided into three operating 

temperature regimes varying from < 400 𝐾  for Bi2Te3-based systems, 600 −

900 𝐾 for PbTe-based materials and > 900 𝐾 for SiGe-based systems as shown in 

Figure 1.7. The third generation started from about 2010, where some new concepts 
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and technologies were introduced to push zT to 2.8. In the following sections, some 

approaches to enhance figure of merit zT will be briefly introduced. 

 

 

Figure 1.7. Development of TE materials in decades.19 

 

1.5.1 Distortion of electronic DOS 

 

Researchers20,21 found that the Seebeck coefficient can be improved by doping. The 

basic mechanism comes from the Mahan-Sofo theory22, which starts from the Mott 

expression: 

𝛼 =
𝜋2

3

𝑘𝐵

𝑞
𝑘𝐵𝑇 {

𝑑[ln(𝜎(𝐸))]

𝑑𝐸
}

𝐸=𝐸𝐹

=
𝜋2

3

𝑘𝐵

𝑞
𝑘𝐵𝑇 {

1

𝑛

𝑑𝑛(𝐸)

𝑑𝐸
+

1

𝜇

𝑑𝜇(𝐸)

𝑑𝐸
}

𝐸=𝐸𝐹

 (1.15) 

where 𝑛 and 𝜇 are carrier concentration and mobility, respectively. 

In this equation, the Seebeck coefficient α  is energy dependent on 𝜎(𝐸)  taken at 
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Fermi energy 𝐸𝐹 . There are two mechanisms to increase the Seebeck coefficient. The 

first method is to increase the energy dependence of 𝜇(𝐸) , such as introducing a 

scattering mechanism that strongly depends on the energy of the charge carriers. The 

other mechanism is to increase the energy dependence of 𝑛(𝐸), for example by a local 

increase of the density of states g(E), this is the basis of Mahan-Sofo theory. In Figure 

1.8a, the DOS of pure PbTe around the valence band is denoted in dashed line. If the 

PbTe is doped by group III elements including thallium, the DOS around dopant-

related level, which is within 𝐸𝑅 , will be increased, as illustrated as the solid line in 

Figure 1.8a. This phenomenon can be explained by the resonation between the valence 

or conduction band of the host semiconductor, and one energy level of a localized 

dopant atom. With the aid of DOS distortion, Heremans et al.20 experimentally pushed 

the zT of p-type PbTe to above 1.5 by doping 2% of thallium (Tl) as shown in Figure 

1.8b, which increased the electrical conductivity while maintaining the Seebeck 

coefficient using the distortion of DOS. Wang et al.21 also demonstrated a zT 

enhancement of 𝛽 − 𝑍𝑛4𝑆𝑏3 by praseodymium (Pr) doping. These findings show a 

possibility on decoupling the TE properties. 
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Figure 1.8. (a) Distortion of DOS in Tl-doped PbTe. (b) The zT enhancement of Tl-

doping in PbTe.20 

 

1.5.2 Low dimensional TE material 

 

Low dimensional TE materials also show a possibility on tuning the TE properties 

independently. Dresselhaus et al.23 suggested that when the length scale of TE material 

is lowered down to nanometer length scale, the electronic DOS will possibly be 

changed as shown in Figure 1.9, which is known as quantum confinement effect. The 

field of low dimensional TE started with two strategies on enhancing the TE figure of 

merit: (1) using quantum confinement phenomena to control and improve α and σ 

independently and (2) using different interfaces to filter or scatter the phonons so as to 

reduce thermal conductivity. Early works focused on investigating the feasibility of 

the mentioned concepts. 
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Figure 1.9. Changes of DOS in different dimensions.23 

 

Hicks et al.5,6 first determined theoretically the effect of low dimensional material to 

the zT, and a 2D quantum model to show the zT enhancement. Given an anisotropic 

material with one band, and with a constant relaxation time, the Seebeck coefficient 

α, electrical conductivity 𝜎 and electronic thermal conductivity 𝜅𝑒 can be presented 

as follows: 

𝛼 = −
𝑘𝐵

𝑒
(

2𝐹1

𝐹0
− 𝜉∗)                                                                    (1.16) 

𝜎 =
1

2𝜋𝑎
(

8𝜋2𝑘𝐵𝑇

ℎ2
) (𝑚𝑥𝑚𝑦)

1
2𝐹0𝑒𝜇𝑥                                         (1.17) 

𝜅𝑒 =
𝜏ℎ2

8𝜋3𝑎
(

8𝜋2𝑘𝐵𝑇

ℎ2
)

2

(
𝑚𝑦

𝑚𝑥
)

1
2

𝑘𝐵 (3𝐹2 −
4𝐹1

2

𝐹0
)                   (1.18) 

where a is the width of a quantum well, 𝑚𝑖  the effective mass components, 𝜏 the 

relaxation time, 𝜉∗  and 𝐹𝑖  are denoted as the reduced chemical potential and the 

Fermi-Dirac function, respectively: 

𝜉∗ =
(𝜉 −

ℎ2

8𝑚𝑧𝑎2)

𝑘𝐵𝑇
                                                     (1.19) 

𝐹𝑖 = 𝐹𝑖(𝜉∗) = ∫
𝑥𝑖𝑑𝑥

𝑒(𝑥−𝜉∗) + 1

∞

0

                                  (1.20) 

Different from the corresponding parameters modeled in 3D TE materials, the TE 
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properties in 2D materials are related to the width of quantum well a. This means that 

other than the traditional tuning factors including carrier concentration and effective 

mass, the width of quantum well also contribute to the optimization of zT. The 

relationship between the 2D zT and the width of quantum well of Bismuth is simulated 

and constructed in Figure 1.10. 

 

 

Figure 1.10. Simulation of 2D zT with the change of Bismuth quantum well width.6 

 

The proof-of-principle that an enhanced TE performance can be obtained by low 

dimensional material system was first experimentally studied by Hicks et al.24, by 

using PbTe/Pb1-xEuxTe multiple-quantum-well structures. They discovered that the n-

type PbTe system can have a greater α2n when the quantum well thickness approaches 

2 nm, compared to the value of the bulk PbTe as shown in Figure 1.11 where n is the 

carrier concentration. Not only in PbTe system, the α2n enhancement was also shown 

in Si/SiGe quantum well25. 
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Figure 1.11. Comparison of α2n between the PbTe/Pb1-xEuxTe quantum well 

structure and the bulk PbTe.24 

 

The proof-of-principle of the second concept mentioned above was demonstrated by 

Bi2Te3/Sb2Te3 superlattices26,27, that the interfaces between the layers scatter the 

phonons to reduce thermal conductivity more than decreasing the electrical 

conductivity. Other than the superlattice structure, the reduction of thermal 

conductivity can also be achieved by introducing nanostructures to the material. The 

transport of phonon in a material carries a spectrum of wavelengths; these phonons 

with different mean free paths (MFP) contribute to the total thermal conductivity, and 

they can be scattered by different nanostructures. To be more specific, acoustic 

phonons with small MFP can be scattered by point defects, while phonons with 

medium MFP can be filtered by interfaces between precipitates and matrix in material, 

and grain boundaries can scatter phonons with large MFP. To scatter phonons with all 

wavelengths, a material should have nanostructures in all scale, which means the 

material should contain point defects, precipitates and grain boundaries, as illustrated 
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in Figure 1.12. 

The strategy of all-scale hierarchical architectures were successfully demonstrated in 

lead chalcogenides28-34, Figure 1.13 shows the comparison of thermoelectric 

performance for undoped PbTe and its nanostructured counterparts.35 In the figure the 

introduction of point defects (Na) decrease the lattice thermal conductivity by ~25%, 

which makes the zT of doped PbTe increased, the enhancement can be more for further 

doping. These results show a quasi-independence relationship between the thermal 

conductivity and the electrical conductivity in low dimensional materials. 

 

 Figure 1.12. All-scale hierarchical architecture of material. It contains point defect, 

nano-precipitate and grain boundary corresponding in scattering phonons with short, 

medium and long mean free path respectively.35 
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Figure 1.13. (a) Reduction of lattice thermal conductivity and (b) zT enhancement of 

PbTe by nanostructuring.35 

 

1.5.3 Energy barrier scattering 

 

TE properties of materials can also be enhanced with aid of energy barrier scattering, 

and typically, energy barrier scattering presents in TE materials with fine grains or 

nanocomposites. Given a TE material with one type of mobile carriers, when a constant 

thermal gradient is applied to the material, the charge carriers diffuse from the hot end 

to the cold end and Seebeck voltage is created. Consequently, a potential difference 

will be developed from the Seebeck voltage, and potential difference will drive the 

mobile charge carriers back to the original position and diminish the Seebeck voltage. 

In the whole procedure, the charge carriers undergo diffusion and drift process 

simultaneously. By introducing fine grains or nanocomposites, the material will have 

more grain boundaries, and these grain boundaries act as the potential barrier to retard 

the drift of carriers, therefore the Seebeck coefficient can be improved. These grain 
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boundaries also decrease the thermal conductivity because of the increased phonon 

scattering by grain boundaries. 

This concept has been investigated by different researchers in theoretical and 

experimental ways, for bulk36,37 and thin film scales38,39. Gao et al.36 simulated the 

relationship between grain size and the Seebeck coefficient of a TE material, initially 

they made several assumptions for simplifying the calculation: (1) the material is 

homogeneous and isotropic, (2) the grains are aligned periodically, and (3) the shape 

of the grains are square. Using their simulation, the Seebeck coefficient of the bulk 

CoSb3 was predicted as shown in Figure 1.14, where one can notice that the prediction 

agrees well with the experimental TE properties of the material40. Takashiri and his 

research group38 also investigated the effect of grain size to the TE properties of n-type 

Bi2Te3. They deposited Bi2Te3 thin films with average grain sizes of 10, 27 and 60 nm, 

and observed that compared to the bulk material, the film annealed at 250 ℃, which 

was corresponding to the thin film with 60 nm grain size, showed an enhanced zT. 

Specifically, compared to the bulk material, the film annealed at 250  ℃  had an 

increased Seebeck coefficient, and a decreased thermal conductivity while the 

electrical conductivities of the thin film was in the same order of magnitude as the bulk 

material, notwithstanding there was a decrease. However, the other thin films with 

grain sizes of 10 and 27 nm did not show any improvement on zT, the authors explained 

the failure by the increase of the defect density at dirty grain boundaries, which 

degrades the overall TE performance. Besides the experimental work done by 

Takashiri and his group, Kuo et al.37 and Valalaki et al.39 also demonstrated enhanced 

zTs by fabricating fine-grained PbTe bulk material and reduced thickness Si thin film 
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respectively. In their works, they showed a reduced thermal conductivity and increased 

Seebeck coefficient without a significant decrease in electrical conductivity compare 

to the original material. 

 

 

Figure 1.14. Simulation of relationship between grain size and Seebeck coefficient 

of CoSb3 bulk material, compared with the experimental result.36 

 

1.6 Motivation of this work 

 

Compared to the study of bulk thermoelectric materials, the study of thermoelectric 

thin films is insufficient, especially in exploring new emerging thermoelectric 

materials, such as SnSe, in thin film form. For example, there is only one report by 

Inoue et al.41 investigating the Seebeck and carrier transport of SnSe films at room 

temperature. There are plenty of rooms to explore new thermoelectric thin films and 

study approaches and mechanisms of thermoelectric property enhancement in thin film 

form thermoelectric materials including SnSe and SnTe thin films. This raises our 
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interest of enhancing TE performance of SnSe and SnTe thin films by introducing grain 

boundaries, or using a superlattice structure.  

With increased grain boundary scattering, TE properties of SnSe and SnTe thin films 

are expected to be enhanced. In this work, the grain boundaries are introduced by a 

special deposition method called Pulsed Laser Glancing Angle Deposition (PLGLAD), 

which is introduced in Chapter 3. 

 

1.7 Scope of the thesis 

 

In chapter 2, experimental methods on thin films growth are introduced, and methods 

involved in structural and TE characterizations of thin films are presented. Chapter 3 

presents the results and discussions of SnSe thin films and demonstrates the effect of 

energy barrier scattering to the TE properties. Results and discussions of SnTe films 

and the effect of multilayered structure to the TE properties are presented in chapter 4. 

Conclusions and recommendations for future work are given in chapter 5. 
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Chapter 2 Introduction of Experimental 

Methods 

 

2.1 Thin films deposition 

 

Thin film is a thin layer of solid material attached on a solid support called substrate. 

Thin films and bulk materials are different in several ways: (1) The properties of thin 

film are strongly influenced by the surface and interface, (2) according to the lattice 

mismatch and the difference in thermal characteristics between thin film and substrate, 

thin film may experience stress, and (3) the DOS of thin film and bulk material maybe 

different when the film thickness approaches quantum regime. 

In depositing thin film, the thin film material experiences three steps, i.e., emission of 

species (atoms, ions and clusters) from the source, transport through the vacuum 

chamber and condensation on the substrate. The formation of thin film is schematically 

shown in Figure 2.1. The emitted material impinges onto the material, and they stay 

on the substrate surface when they lose enough kinetic energy given by the emission 

process. These particles adsorbed on the substrate surface are known as adatoms. At 

this stage the adatoms are still thermodynamically unstable and tend to desorb, and 

move over the surface by surface migration until they meet and interact with the other 

adatoms, forming a larger cluster. As the clusters are more immobile, they remain at 

the locations where they are formed, interact with mobile adatoms and grow into a 

large island. As the islands grow, different islands fuse together and form a thin film. 
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Figure 2.1. Formation of a thin film. 

 

2.1.1Techniques of depositing thin films 

 

Vapor deposition is commonly used in making semiconducting thin films which can 

be divided into two categories: (1) Physical Vapor Deposition (PVD) and (2) Chemical 

Vapor Deposition (CVD).  

In PVD, the solid source material is vaporized and transfer to the substrate in a vacuum 

chamber. The pressure of the chamber should be low and that the mean free path of 

the source material is great enough to travel from the source to the substrate. There are 

several examples of PVD: 

⚫ Thermal evaporation 

⚫ Sputtering 

⚫ Pulsed laser deposition (PLD) 

Thermal evaporation is one of the most widely used deposition techniques in industry 

because multiple wafers can be deposited simultaneously. Using thermal evaporation, 

the raw material is heated by the filament or boat and evaporated, the material will 
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then travel through the vacuum in the form of vapor and condense onto the cooler 

substrate to form a thin film. A vacuum chamber is needed so that the material vapor 

can reach the substrate without scattering by other gas atoms. Molecular Beam Epitaxy 

(MBE) is a complex form of thermal evaporation, but with a Knudsen effusion cell 

which helps directing the material vapor to the substrate. 

In sputtering, the target atoms are ejected by the collision of energetic argon (Ar) ions 

as shown in Figure 2.2. Upon the collision, the Ar ions transfer energy and momentum 

to the target to liberate the target atoms. These atoms form a thin film once they 

condense on the substrate. Using this technique, the chamber is vented with Ar gas so 

as to maintain the concentration of Ar ions in the plasma. The yield of sputtering is 

affected by several parameters such as the concentration and energy of gas ions, target 

and substrate distance and strength of electric field.  

 

 

Figure 2.2. Schematic showing the process of sputtering. 

 

The concept of PLD is represented schematically in Figure 2.3, different from thermal 
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evaporation and sputtering, the emission of target material is done by high energy laser. 

When the laser beam transmits through the quartz window and is focused onto the 

target by optical lens, the spot on the target exhibits superheating and the material is 

evaporated. The evaporated atoms will form a laser plume and condense onto the 

preheated substrate. Using this deposition technique, a high vacuum chamber is 

required so as to reduce the scattering of gas atoms. The deposition rate of PLD is 

strongly affected by the substrate-target distance, substrate temperature and the laser 

energy. 

 

 

Figure 2.3. Schematic showing the setup of pulsed laser deposition. 

 

2.2 Structural characterization of the TE thin 

films 

 

After the deposition of the thin films, the crystalline phase and orientation of them 

were characterized by XRD (Rigaku SmartLab) with Cu K 𝛼1  source. Then 
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transmission electron microscopy (TEM) (JEOL 2100F, operated at 200kV) and 

energy dispersive X-ray spectroscopy (EDX) study was conducted to confirm the 

microstructure and the composition of the films. The morphology of the as-grown 

films was obtained by atomic force microscope (AFM) (Asylum MFP 3D Infinity) and 

SEM (JEOL 6330F). The thickness of the thin films was determined by cross-sectional 

SEM. 

 

2.3 Seebeck coefficient and electrical conductivity 

measurement 

 

The Seebeck coefficient and electrical conductivity of the thin films were obtained by 

NETZSCH SBA 458 Nemesis. Figure 2.4 shows the mechanism of the measurement, 

where the sample is clamped onto a ceramic support and in touch with the two micro-

heaters placed on both sides. Four probes are connected to the sample, with two outer 

probes for injecting current in the electrical conductivity measurement, and two inner 

probes for measuring the temperature and the voltage in the Seebeck and electrical 

conductivity measurement.  

In the Seebeck coefficient measurement, the micro heater at one side will first apply 

heat to the TE material, and upon the conduction of heat in the TE material, the induced 

Seebeck voltage and the temperature of the two ends of the TE material are measured 

by the two inner probes. After a short time of temperature stabilization, the micro 

heater at the other end will apply heat to the TE material, so as to measure the Seebeck 
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voltage of the TE material in which the heat conduction in the TE material is in a 

reverse way. Theoretically the two measured Seebeck coefficients should be the same. 

After the Seebeck coefficient measurement, the electrical conductivity measurement 

begins once the temperature between the two ends of TE material is in equilibrium. A 

dc current is injected into the TE material through the two outer current pins, and at 

the same time the voltage pins measure the potential difference between the middle 

two ends of the material.  

In measuring the Seebeck coefficient, there is no difference between thin film and bulk 

material. However, the derivation of equation between the film and bulk material is 

different in measuring electrical conductivity. 

Figure 2.5 shows the electrical potential of the thin film in point shape four-point 

collinear probe method. Given that the electrodes are point shape, the film’s width is 

larger than the diameters of electrodes, the equipotential lines, denoted as dotted lines, 

are cylindrical shape. Also, the shape of the equipotential line will change with respect 

to the travel distance from the probe. The resistance between two equipotential lines 

can be expressed as: 

dR =
𝜌

2𝜋𝑟𝑑
𝑑𝑟                                                          (2.1) 

where ρ is resistivity of the material, r is the distance between the two lines and d is 

the film thickness. Assume the distance between probe 1 and 2, probe 2 and 3 and 

probe 3 and 4 are 𝑆12, 𝑆23 and 𝑆34 respectively, the potential difference across the 

two inner probes, probe 2 and 3, can be expressed as: 

𝑉23 =
𝜌𝐼

2𝜋𝑑
𝑙𝑛[(

𝑆34+𝑆23

𝑆12
) (

𝑆12+𝑆23

𝑆34
)]                                           (2.2) 

where I is the input current. In this work, the films used in the electrical conductivity 
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measurement has been deposited a layer of gold (Au) electrode, as shown in Figure 

2.6, the Au electrode protects the film and promotes the conduction between the film 

and the probe. In addition, the equipotential line maintains its shape throughout the 

travel, which is the same as the bulk material measurement, so the electrical 

conductivity calculation of thin films in this work can be treated as that of the bulk 

material. 

In bulk material, the electrical conductivity can be calculated by 𝜎 =
𝐼𝑥

𝑉𝑤𝑡
, where 𝜎 

is electrical conductivity, I is injected current, x is the separation between the two 

voltage pins, V is measured voltage, w is width of sample and t is the thickness of 

sample. 

 

 

Figure 2.4. Experimental setup in measuring Seebeck coefficient and electrical 

conductivity. 
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Figure 2.5. Schematics showing the electrical potential on thin film in point shape 

four-point collinear probe method, in in-plane view and cross-sectional view. 

 

 

Figure 2.6. Schematics showing the electrical potential on thin film in line shape 

four-point collinear probe method. 

 

2.4 Thermal conductivity measurement 

 

In this work, the thermal conductivities of the thin films are measured by well accepted 

3ω method42. At the very beginning, 3ω method was used for measuring the thermal 

diffusivity of incandescent light bulb filaments43, so as to investigate the lifetimes of 
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metal filament and carbon filament44. Later 3ω  method was applied in measuring 

thermal diffusivity of liquids45 and dielectric solids46. The first application on 

measuring solid thermal conductivity by 3ω method was reported by Cahill et al.47 at 

1987. 

When using the 3ω method, the surface of thin film should be insulating. In this work, 

since SnSe, SnTe and the multilayered film composed by them are semiconducting, a 

layer of Al2O3 was first deposited by ALD on the films and a bare substrate serving as 

a reference sample. This Al2O3 layer is electrical insulating which prevents current 

leakage during the measurement. In this work, the thickness of the insulating layer is 

160 nm. After the deposition of insulating layer, a patterned metal thin film with known 

dimension was deposited on the samples, as shown in Figure 2.7. Cr/Pt was used as 

the metal line with the dimension of length 1000 µm, width 20 μm and 

thickness 110 nm. The metal thin film was used as a heater and a thermometer. 

 

 

Figure 2.7. Schematics of 3ω measurement in measuring (a) thin film and (b) 

reference sample. 

 

During the measurement, an AC current was applied to the outer pads of the metal line, 

the current can be expressed by: 
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𝐼 = 𝐼0𝑠𝑖𝑛𝜔𝑡                                                       (2.3) 

where 𝐼0 is the current amplitude, 𝜔 is the angular frequency of the current signal. 

The injection of current causes joule heating of the metal, the power of the joule 

heating can be represented by: 

𝑃 = 𝐼2𝑅                                                                

𝑃 =
𝐼0

2𝑅

2
−

𝐼0
2𝑅

2
𝑐𝑜𝑠2𝜔𝑡                                        (2.4) 

where R is resistance. The induced joule heating leads to the temperature oscillation 

of the heater: 

Δ𝑇 = 𝑇𝐷𝐶 + 𝑇𝐴𝐶 cos(2𝜔𝑡 + 𝜙)                            (2.5) 

In equation (2.5), the temperature oscillation of the heater is directly proportional to 

the joule heating, with a phase lag term 𝜙, 𝑇𝐷𝐶  and 𝑇𝐴𝐶  are denoted as the constant 

term and time-dependent term of temperature in which they are related to the first and 

second term in equation (2.4), respectively. The resistance of metal line varies with the 

temperature, it can be given by: 

𝑅 = 𝑅0(1 + 𝛼Δ𝑇)                                             (2.6) 

where 𝑅0 is the resistance in reference temperature, which is room temperature, and 

𝛼 is the temperature coefficient of resistance (TCR). By substituting equation (2.5) 

into equation (2.6), the following expression of resistance can be obtained: 

R = 𝑅0[1 + 𝛼𝑇𝐷𝐶 + 𝛼𝑇𝐴𝐶 cos(2𝜔𝑡 + 𝜙)]                      (2.7) 

The potential difference as the current passes through the metal line is measured: 

V = IR = 𝐼0𝑠𝑖𝑛𝜔𝑡 × 𝑅0[1 + 𝛼𝑇𝐷𝐶 + 𝛼𝑇𝐴𝐶 cos(2𝜔𝑡 + 𝜙)                    

= 𝐼0𝑅0[(1 + 𝛼𝑇𝐷𝐶)𝑠𝑖𝑛𝜔𝑡 +
𝛼𝑇𝐴𝐶

2
sin(3𝜔𝑡 + 𝜙) −

𝛼𝑇𝐴𝐶

2
sin(𝜔𝑡 + 𝜙)]               (2.8) 

In equation (2.8), there are three sine functions, the first function does not contain 
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information of the time-dependent temperature term, 𝑇𝐴𝐶 . The last function contains 

𝑇𝐴𝐶  term, but it carries the same angular frequency as the first term, which cannot be 

decoupled from the first term. And the middle term has an angular frequency of 3𝜔 

while carrying the information of 𝑇𝐴𝐶 , so analysis will be done on this term. A lock-

in amplifier is used to filter out the signals with frequency of 𝜔 , and amplify the 

remaining voltage signal with angular frequency of 3𝜔. As mainly the signal with 3𝜔 

frequency is measured and analyzed, the method is called 3𝜔 method. 

The amplitude of the acquired signal, namely 𝑉3𝜔 , carries information of 𝑇𝐴𝐶 , and it 

can be expressed as: 

𝑉3𝜔 =
1

2
𝛼𝑇𝐴𝐶𝐼0𝑅0                       (2.7) 

In addition, 𝑉3𝜔   is a function of the frequency of the signal f. So in the 3𝜔 

measurement, the amplitude of 𝑉3𝜔   is measured at a constant temperature, with 

changing frequencies. The results can be fitted with a linear equation: 

𝑉3𝜔 = S ln(2𝜋𝑓) + 𝑐                                            (2.8) 

Where S is the slope in relationship of 𝑉3𝜔  vs ln(2𝜋𝑓). And from equation (2.8) and 

(2.7), the expression between 𝑇𝐴𝐶  and ln(2𝜋𝑓) can also be obtained: 

𝑇𝐴𝐶 = S′ ln(2𝜋𝑓) + 𝑐′                                            (2.9) 

Here 𝑇𝐴𝐶  is the time-dependent temperature of the total structure, which is an addition 

of substrate time-dependent temperature 𝑇𝐴𝐶
𝑠𝑢𝑏.and film time-dependent temperature 

𝑇𝐴𝐶
𝑓𝑖𝑙𝑚

. To obtain 𝑇𝐴𝐶
𝑓𝑖𝑙𝑚

, 𝑇𝐴𝐶  should be subtracted by 𝑇𝐴𝐶
𝑠𝑢𝑏., which can be obtained 

from a similar measurement on the reference sample.  

𝑇𝐴𝐶
𝑓𝑖𝑙𝑚

 relates to the film thermal conductivity 𝜅𝑓𝑖𝑙𝑚  directly. Similar to the electrical 

conductivity, thermal conductivity is the rate of heat transport per unit area to the 
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change of temperature, it has a general expression as shown in the following: 

𝜅𝑓𝑖𝑙𝑚 =
Pd

𝐴𝑇𝐴𝐶
𝑓𝑖𝑙𝑚                                                          (2.7) 

where 𝜅𝑓𝑖𝑙𝑚  is the thermal conductivity, P is the rate of heat transport 
𝑑𝑄

𝑑𝑡
, which is 

the input power in short, d and A are the length and the cross-sectional area of the 

material where heat transfers. The substitution of the dimension parameters depend on 

the direction of heat flow in the measurement, Bogner et al.48 demonstrated 3ω 

measurement on AlN thin film, in cross-plane and in-plane direction. They concluded 

that the direction of heat flow is governed by the width of the metal line, as shown in 

Figure 2.8, so if the metal line width is greatly larger than the film thickness, the heat 

flow will mainly be in cross-plane direction. Reversely, when the thickness of film is 

much larger than the width of metal line, the sensitivity of the thermal conductivity 

measurement in in-plane direction will be increased. 

 

 

Figure 2.8. Cross-sectional schematic showing the heat flow direction with respect 

to the metal line width. When the metal line width is much smaller than the film 

thickness, the sensitivity of the thermal conductivity measurement in in-plane 

direction increases.48 
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The thin film thermal conductivity measured by 3𝜔 method is precise, because in the 

measurement, a reference sample is used to eliminate all the thermal conductivity 

contribution except the studied film. Also because of the small surface area of the 

metallic line, the temperature stabilizing time can be reduced down to several minutes, 

and the effect of black body radiation can be reduced.  
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Chapter 3 Enhanced thermoelectric properties 

of SnSe thin films grown by Pulsed Laser 

Glancing-Angle Deposition 

 

3.1 Introduction 

 

Tin Selenide (SnSe) is a semiconductor adopts a simple layered orthorhombic crystal 

structure as shown in Figure 3.1, with lattice parameters of a = 1.149 nm, b = 0.444 

nm and c = 0.4135 nm. Along the b-c plane, there are two-atom-thick SnSe slabs. 

Within the plane of slabs the SnSe bond is strong, while along the a-axis the layers of 

slabs are linked by weak bond. The structure of SnSe contains highly distorted SnSe7 

coordination polyhedra, with four long and three short Sn-Se bonds. Upon heating, the 

lattice parameters along b- and c-axes approach each other whereas that along a 

direction increases continuously; until the temperature reached 807 K, the low 

symmetry SnSe phase of Pnma (#62) space group will have a second order displacive 

transformation to the high symmetry phase (space Cmcm, #63)49, the lattice will then 

expand by 2.5%.  
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Figure 3.1. Crystal structure of SnSe in (a) Pnma and (c) Cmcm phase. (b), (d) Sn 

coordination polyhedron corresponding to (a) and (c) phase respectively. Sn atom is 

surrounded by 7 Se atoms.50 

 

SnSe also has an energy gap of 0.86 eV, a hole concentration in range of 1017 – 1018 

cm-3, a room temperature electrical resistivity about 101 – 105 Ω𝑐𝑚−1 and a large 

optical absorption coefficient51. Because of the large electrical resistivity and optical 

absorption coefficient, it was ignored as a candidate of TE material and researchers 

were more interested in the optical and optoelectronic properties of SnSe52-58. Recently, 

researchers discovered that SnSe has remarkable TE properties, exhibiting the ultralow 

thermal conductivity59, and this low thermal conductivity is surprising for a single 

crystal material. 
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The reason for SnSe attaining low thermal conductivity can be explained by the 

anharmonicity of the Sn-Se bonds in different directions51. The concept of harmonicity 

can be explained by using Figure 3.2, assuming there is a harmonic bond, when phonon 

travels along the bond, the potential energy experienced by an atom is proportional to 

its displacement from the equilibrium position, by a factor called spring constant. For 

the anharmonic case, the spring constant varies with the atom displacement, so that 

when the first phonon passes through the bond, it will change the spring constant of 

the second phonon, in such case the continuous phonons can be effectively scattered.  

 

 

Figure 3.2. Schematic representation of harmonicity and anharmonicity.51 

 

In the basis of atomic level, the anharmonic bonding of SnSe is realized in the wide 

range of bond lengths between Sn and Se atoms. From Figure 3.1b, it can be seen that 

in the SnSe7 coordination polyhedron, a Sn2+ atom is surrounded by 7 Se atoms with 

different bonding lengths; and according to the bonding lengths they have a mix of 

weak, medium and strong interactions, leading to the anharmonicity of SnSe single 

crystals. Other than the wide range of bond lengths, the geometry of bonding also 

contributes to the anharmonicity of SnSe. As shown in Figure 3.1a, along the b-c plane 

the slabs have a zig-zag accordion-like geometry, so when the slabs are mechanically 

stressed, instead of changing the bonding length, the slabs will be deformed like an 

elastic spring. In a direction the weak bonding between the slabs acts as a cushion 
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when stress is applied.  

The anharmonicity of SnSe can be determined by Grüneisen parameter, the higher the 

parameter, the anharmonicity will be stronger. The average Grüneisen parameters of 

SnSe along a, b and c axes are 4.1, 2.1 and 2.3, respectively51. Compared to Lead 

Telluride (PbTe), which has good physical and chemical properties as a candidate of 

TE material, and with the Grüneisen parameter of 1.45, the parameters of SnSe along 

the three directions are still higher, indicating the anharmonicity of SnSe. 

In terms of power factor, compared to the other state-of-the-art TE materials, SnSe has 

a low power factor at room temperature and a moderate power factor at high 

temperature. However these results do not hinder the investigation of SnSe in the field 

of TE, because SnSe has a very low thermal conductivity. Researchers can therefore 

mainly focus on improving its power factor60. 

Nevertheless, in contrast to the considerable progress of bulk SnSe in TE field59-63, 

there were relatively less studies on thin film SnSe. This is one of the motivations for 

us to study the growth and TE properties of SnSe thin films. 

 

3.2 Film Deposition 

 

The objectives of this chapter are to investigate the growth of SnSe thin films with 

different parameters, such as deposition temperatures and substrates, and demonstrate 

the grain size effect to the TE properties. The SnSe thin films were deposited on 

different substrates using PLD, at different temperatures of 250, 310, 330 and 350 ℃. 

Finally the TE properties of them including the in-plane Seebeck coefficient, in-plane 
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electrical conductivity and out-of-plane thermal conductivity were characterized. 

The grain size of the thin films can be reduced by two methods: (1) By depositing the 

films at a lower substrate temperature and (2) by depositing the films at a glancing 

angle. 

The fact that grain size in thin film can be reduced by lowering the substrate 

temperature has been proved by different group of researchers. Acosta et al.64 

discovered that the grain size increases with the substrate temperature. By plotting the 

relationship between the grain size and substrate temperature, Bilgin et al.65 obtained 

a concave down curve suggesting that the grain size increased and reached a constant 

when the substrate temperature approached certain value. Ashour66 and Patil et al.67 

obtained a curve which is concave upwards, indicating that the grain size keep 

increases. 

Glancing angle deposition of thin films has been demonstrated to be able to control 

the grain size of the films68-70, it can only be used in deposition techniques with 

directionality between the source material and substrate. In the deposition process, the 

surface of substrate is nearly perpendicular to the target, and that the small angle of 

adatoms to the substrate causes a shadowing effect as shown in Figure 3.3. After 

adatoms form immobile clusters, the clusters stop the source flux from entering the 

region right behind them. When the clusters keep growing, they stop the merging of 

grains, finally the thin film forms a structure of nanopillar array inclined towards the 

target. 
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Figure 3.3. (a) Setup of glancing angle deposition. (b) Growth of thin film in 

glancing angle deposition. 

 

In deciding how to fabricate the thin films, it is better to determine the method of 

reducing grain size first because the two mentioned methods limit the choice of 

deposition techniques, for example, the method of glancing angle deposition can only 

be used in some deposition techniques that the source flux is directional to the substrate. 

Considering the method of lowering the substrate temperature in reducing grain size, 

it should be noticed that the substrate temperature does not only influence the grain 

size, but also the crystallinity of the thin film. When the substrate temperature 

decreases continuously, it can be foreseen that the thin film will have grain size 

reduction, and the material will change from crystalline to amorphous material 

gradually, and that the TE thin films may lose their outstanding properties as crystalline 

such as the low thermal conductivity for SnSe and high electrical conductivity for SnTe.  

In contrast, without changing the substrate temperature, only the change of angle (𝛼 

in Figure 3.3a) between the normal of target and normal of substrate is required for the 

glancing angle deposition, this ensures the crystallinity of the thin films. So in reducing 

the grain size of the thin film, the method of glancing angle deposition is chosen. 
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In applying glancing angle deposition into the as-described deposition techniques, the 

directionality between substrate and target should be taken in consideration. Among 

the aforementioned deposition techniques, only the substrates deposited by PLD and 

CVD are directional to the source flux, so the consideration is made between them. In 

this work PLD is chosen in depositing the thin films, because PLD has several 

advantages over CVD as described in the followings. For CVD although there are 

sufficient studies growing SnSex thin films, many of them require the use of 

specialized precursor materials or catalysts71,72, this is a challenge in using CVD that 

it requires thorough understanding of chemical reactions between the precursors. In 

contrast, the reaction in PLD is simple as it only requires the target which is the same 

as the thin film, and PLD is designed for growing the chalcogenide films73-75 including 

SnSe and SnTe, so in this work PLD is more favorable in depositing SnSe and SnTe 

films. The laser source used in this work is KrF excimer laser, with a wavelength of 

248 nm and repetition rate of 10 Hz, the substrate and target distance is 30 mm, the 

deposition time and substrate temperature will be discussed in the later sections with 

aid of the cross-sectional Scanning electron microscopy (SEM) image analysis and X-

ray diffraction (XRD) analysis. 

In choosing a suitable substrate for TE measurements, it should be noticed that the 

electrical contribution of substrate in the TE measurement should be prohibited, as in 

Seebeck and electrical conductivity measurement, the contribution of the substrate can 

greatly affect and cause errors to the obtained result. In other words, the chosen 

substrate should be electrically insulating, at least between the film and the substrate. 

In this work, silicon (Si) substrate with 300 nm of SiO2 top layer was used, where the 
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SiO2 layer served as electrical insulation between the Si substrate and the thin films. 

In addition, the amorphous top layer promoted the growth of polycrystalline thin film, 

given the goal in this work is to reduce the grain size of the thin film. To observe the 

growth of SnSe film, Sodium Chloride (NaCl) substrate was also chosen to deposit the 

film. 

 

3.3 Structural characterization of SnSe films 

deposited at normal angle and glancing angle 

 

XRD study was carried out on the SnSe films deposited on Si substrate with a 300 nm 

thick SiO2 top layer, at 250, 310, 330 and 350 ℃. Figure 3.4 shows the XRD patterns 

of these samples, where the peaks at 2𝜃 = 15.4 °, 31.1 ° and 64.8 ° correspond to the 

(200), (400) and (800) diffraction peaks of orthorhombic SnSe (a = 1.149 nm, b = 

0.4153 nm, and c = 0.444 nm, JCPDS #48-1224), respectively. This implies that the 

SnSe films are preferentially grown along a-axis, being consistent with the layered 

structure characteristic of SnSe along a-axis. 

In a detailed analysis, the XRD patterns show that there are (200), (400) and (800) 

planes for all of the SnSe films deposited at different temperatures, while the (200) and 

(800) diffraction peaks significantly decrease when the deposition temperature reached 

350 ℃. Besides those mentioned preferential peaks, there are presences of additional 

peaks (302) and (122) planes in the SnSe film grown at low temperature of 250 ℃. It 

is obvious that the intensities of these peaks reduce when the deposition temperature 

reached 310 ℃, and the (302) and (122) planes vanish when the deposition temperature 
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reached 350  ℃ . Furthermore, the additional peaks (201), (311) and (511) planes 

present at higher deposition temperatures (330 ℃ and 350 ℃). Based on this detailed 

XRD analysis, it can be concluded that 330 ℃ is close to the optimized deposition 

temperature of SnSe thin film. 

In order to compare the morphologies of the original SnSe film and the film 

deposited at a glancing angle, the AFM and SEM studies of the SnSe film deposited 

at a normal angle will be discussed in the later section. 

 

Figure 3.4. XRD patterns of the SnSe thin film deposited at a normal angle and the 

substrate temperatures of Ts = 250 ℃, 310 ℃, 330 ℃, 350 ℃. The patterns are 

compared to the SnSe simulation pattern (JCPDS #48-1224). 

 

The microstructure and chemical composition of the as-grown thin films were 

investigated by TEM and EDX analysis. Figure 3.5 is a typical high-resolution TEM 

image (HRTEM) of the SnSe thin film deposited at 330 ℃. It shows different grains of 
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the as-deposited film. A Selected Area Electron Diffraction (SAED) pattern is shown 

in Figure 3.6, where the diffraction rings indicate that the SnSe film has a 

polycrystalline structure. Moreover from Figure 3.6, (111), (311) and (122) planes, 

with d-spacing of 3.44, 4.24 and 6.68 nm, can be indexed respectively. These results 

match some of the peaks obtained from the XRD pattern. Figure 3.7a shows a HRTEM 

image of the SnSe thin film at a selected area. In the figure, the analyzed lattice plane 

distances and angles between those lattice planes indicate an orthorhombic SnSe (a = 

1.149 nm, b = 0.4153 nm, c = 0.444 nm) thin film, which is consistent with the 

aforementioned XRD results. The composition of Sn and Se is indicated by the EDX 

pattern shown in Figure 3.7b (noted that the Cu peak belongs to the copper grid), in 

the quantitative EDX analysis, the ratio of composition of Sn and Se is around 1:1, 

suggesting the formation of SnSe compound.  

 

 

Figure 3.5. HRTEM image showing the polycrystalline structure of the as-deposited 

film. 

 



                      THE HONG KONG POLYTECHNIC UNIVERSITY 
 

 

SUEN Chun Hung  50 

  
 

 

Figure 3.6. Diffraction pattern of the area in Figure 3.5. 

 

 

Figure 3.7. (a) HRTEM image showing (011) and (01̅1) planes with 88 ° between 

the planes and (b) EDX spectrum of SnSe thin film deposited at a normal angle with 

Ts = 330 ℃. 

 

Additional thin films were deposited on NaCl at 330 ℃, in order to investigate the 

epitaxial growth of SnSe. The epitaxial SnSe thin film has been realized by Inoue et 

al.41. They analyzed the relationship between the lattice parameters of SnSe and NaCl 
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in different axis, and discovered that when the lattice of SnSe has an angle of 45 ° with 

the lattice of cubic NaCl, as shown in Figure 3.8, the lattice mismatch between SnSe 

and NaCl can be reduced to -3.9% for b-axis, and -10% for c-axis, which is favorable 

for epitaxial growth of SnSe film. 

 

 

Figure 3.8. In-plane epitaxial relationship between NaCl (100) and SnSe thin film.41 

 

The epitaxial SnSe films in this work were deposited at a laser repetition rate of 1 Hz, 

with different deposition times of 5 and 10 minutes. An XRD analysis had been 

conducted on these samples, and the XRD patterns are illustrated in Figure 3.9. Among 

all these SnSe films, they show the (200) and (400) diffraction peaks of NaCl, which 

are located at 2𝜃 = 31.75 ° and 66.33 ° respectively. By observing the film with 5 

minutes deposition time, the XRD pattern indicates the (400) peak of orthorhombic 

SnSe (a = 1.149 nm, b = 0.4153 nm, c = 0.444 nm, JCPDS #48-1224), at 31.04 °. When 

the film is grown for up to 10 minutes, addition diffraction peaks of (200) at 2𝜃 = 

15.45 ° and (800) at 2𝜃 = 64.87 ° are developed. Similar to the XRD pattern of SnSe 
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film on SiO2/Si substrate, these three diffraction peaks are planes along a-axis, which 

indicates a preferential growth of SnSe film on NaCl substrate. 

Additionally, besides those preferential orientations, a (302) peak appears in the 

thicker sample. This result suggests that when the film grows thicker, there will be 

strain relaxation, such that point defects and dislocations will be introduced, leading 

to defects in the lattice and decreased quality of the single crystal film. 

 

 

Figure 3.9. XRD patterns of SnSe films deposited on NaCl, with a comparison of 

bare NaCl substrate, NaCl simulation (JCPDS #77-2064) and SnSe simulation 

(JCPDS #48-1224). 

 

The SnSe sample with 5 minutes deposition time has been used to investigate the 
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microstructure by using TEM. To prepare the TEM sample, the as-deposited film was 

put into water carefully, with the film facing up. After the substrate dissolved and 

detached from the film, a copper mesh grid with carbon film was used to obtain the 

floating SnSe film. Figure 3.10a illustrates the TEM image of the sample, where it can 

be seen that there is NaCl residue marked by circles. SAED analysis was carried out 

in the area enclosed by the rectangle, where it is apparent that there is NaCl residue, 

its diffraction pattern can also be shown in Figure 3.10b. With the aid of notation, it is 

observed that the diffraction pattern shows the (011), (01̅1) and (002) plane of SnSe, 

together with (022) plane of NaCl, this reflects the epitaxial relationship of SnSe and 

NaCl. A region without NaCl residue is selected to investigate the single crystal SnSe 

only. 
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Figure 3.10. (a) TEM image of SnSe thin film deposited on NaCl at 1 Hz laser 

repetition rate, 5 minutes deposition time and 330 ℃. The rectangle denotes the area 

where the SAED is conducted. The circles show the residue of NaCl during 

dissolving the substrate. (b) Diffraction pattern at the area enclosed by the rectangle. 

 

The HRTEM image of the selected area is shown in Figure 3.11. It can be seen that the 

SnSe film is single crystal-like, indicating that the quality of the SnSe film is very good. 

The analyzed image shows the (011) and (01̅1) planes of orthorhombic SnSe (a = 1.149 

nm, b = 0.4153 nm, c = 0.444 nm) thin film, in which they both have an interplanar 
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distance of 0.3 nm, and the angle between these two planes is 89  ° . Figure 3.12 

illustrates the diffraction pattern of the SnSe film in the area of Figure 3.11, the 

analyzed diffraction pattern shows the (011), (01̅1 ) and (002) planes of the single 

crystal SnSe. 

 

 

Figure 3.11. HRTEM image of SnSe thin film deposited on NaCl at 1 Hz laser 

repetition rate, 5 minutes deposition time and 330 ℃, showing (011) and (01̅1) 

planes with 89 ° interplanar angle. 
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Figure 3.12. Diffraction pattern of the area in Figure 3.11. 

 

The alternative SnSe thin film was deposited on silicon substrate with a layer of 300 

nm SiO2, at 330 ℃ and an 80 ° glancing angle, to study the effect of glancing angle 

deposition on the morphology and the grain size. Figure 3.13 shows its XRD pattern 

as a comparison with the SnSe film deposited at a normal angle. The detailed analysis 

indicates that, (200) and (800) orientation are absent in the thin film grown at a 

glancing angle compared to the thin film grown at a normal angle, suggesting that the 

growth direction and orientation is not preferential. Moreover, there are many different 

grain orientations in the film, besides the common (201) and (311) peak, the sample 

deposited at a glancing angle has also (111) diffraction at 2𝜃 = 30.5 °, (511) plane 

locates at 2𝜃 = 49.73 °, (610) peak at a diffraction angle of 2𝜃 = 52.47 ° and (420) 

orientation which is located at 2𝜃 = 54.21 °. These orientations indicate that the thin 

films were not grown along a axis. There are such differences between the patterns of 

the two samples deposited at the normal and glancing angles, because the two films 

have distinct growth orientations and morphologies. A nanopillar structure is exhibited 
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on the film deposited at a glancing angle, and because there is difference between the 

diffraction at the tip of pillar and that on a plain film, the XRD patterns can be different. 

It should be noted that although the two films have different microstructures and 

crystal orientations, they possess the same crystal structure. 

 

 

Figure 3.13. XRD patterns of the thin film deposited at a normal angle and an 80 ° 

glancing angle with Ts = 330 ℃. The patterns are compared to the SnSe simulation 

pattern (JCPDS #48-1224). 

 

AFM and SEM were performed to study the thicknesses and surface morphologies of 

the SnSe thin films grown at glancing angle and normal angle. By conducting cross-

sectional SEM, the thickness of the SnSe film deposited at a normal angle for a 30 

minutes deposition is determined to be 730 nm, while for 60 minutes deposition, the 

film deposited at glancing angle is about 300 nm. This result indicates that deposition 
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rate for glancing angle deposition is much lower compared to that of the normal angle 

deposition. The morphologies of both films obtained by AFM are shown in Figure 

3.14a and 3.14b. A comparison with SEM top view images can be made as shown in 

Figure 3.14c and 3.14d. In Figure 3.14a and 3.14c, the film deposited at a normal angle 

shows some local maximum points, in addition there are large grains nearby these 

maximum points. In contrast, from the top view images of the sample deposited at a 

glancing angle as shown in Figure 3.14b and 3.14d, a nanopillar structure rather than 

a continuous film on the substrate is shown. These nanopillars incline towards a 

specific direction, suggesting that the pillars grow towards the direction of the source 

flux during the deposition process68-70. Furthermore, the nanopillars grew in a 

relatively high density, in terms of grain size, the SnSe film deposited at a glancing 

angle has a grain size of ~120 nm with root-mean-square surface roughness (Rq) of 54 

nm. Compared to that of film deposited at a normal angle which has an average grain 

size of ~730 nm with Rq of 17 nm, the grain size of the glancing angle deposited film 

has a six times smaller grain size, while at the same time, the film is more rough than 

the film deposited at normal angle. The morphology of the films can also be 

investigated by cross-sectional SEM, as shown in Figure 3.14e and 3.14f. In Figure 

3.14e, it can be seen that the SnSe thin film deposited at normal angle exhibits a 

continuous columnar structure pointing upward, meanwhile there are many slanted 

nanopillars grow on the substrate surface for film deposited at the glancing angle. This 

result is well consistent with the top view images obtained by AFM and SEM. Through 

these detailed studies, it can be concluded that the films deposited at normal angle and 

glancing angle have very different morphologies and crystal orientations. 
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Figure 3.14. AFM images of SnSe thin films deposited at Ts = 330 ℃ at (a) normal 

angle and (b) glancing angle. Top view SEM images of films deposited at (c) normal 

angle and (d) glancing angle. Cross-sectional SEM images of films grown at (e) 

normal angle and (f) glancing angle. 

 

3.4 TE property characterization of SnSe films 

deposited at normal angle and glancing angle 

 

The Seebeck coefficients and electrical conductivities in in-plane direction, and the 

out-of-plane thermal conductivities of the thin films deposited at the normal and 
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glancing angle were obtained, and they are summarized in Figure 3.15.  

From Figure 3.15a, one can see that both films show positive Seebeck coefficients, 

indicating a p-type semiconducting characteristic of the grown SnSe thin films. 

Moreover, both films exhibit a similar temperature dependence of Seebeck coefficients 

in temperatures ranging from 300 to 578 K. The Seebeck coefficient curves can be 

divided into two regions. In the first region, the Seebeck coefficients increase with the 

temperature, they reach their maximum at 477 and 426 K respectively, for the films 

deposited at normal and glancing angle. Specifically, the normal angle grown SnSe 

thin film exhibits a maximum Seebeck coefficient of 193.7 𝜇𝑉/𝐾 at 477 K, while the 

maximum Seebeck coefficient of the film deposited at glancing angle is much higher, 

attaining 498.5  𝜇𝑉/𝐾  at 426 K. After reaching the peak values, the Seebeck 

coefficients of the films start decreasing, and they converge in the second region 

reaching negative values at the highest measured temperature of ~579 K. The negative 

values obtained is due to the increasing intrinsic electron carrier concentration by 

thermal excitation according to the previous study37. 

Figure 3.15b shows the temperature dependence of electrical conductivity, where both 

the films show semiconducting characteristic. The electrical conductivities of the 

samples increase steadily from 300 to 426 K, while after 426 K, the two films are 

thermally activated such that the conductivities of them increase exponentially. These 

results are consistent to the drop of the Seebeck coefficients. Both of the electrical 

conductivities of the films deposited at normal angle and glancing angle show the same 

trend of temperature dependence, and are in the same order of magnitude. This 

indicates that there is no significant grain size effect on the electrical conductivity. 
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The comparison between the power factors of the SnSe thin film deposited at normal 

angle and glancing angle is shown in Figure 3.15c. The power factor of the film 

deposited at the glancing angle exhibits a maximum value of 18.5 𝜇𝑊𝑐𝑚−1𝐾−2 at 

478 K, which is more than 20 times higher than that of the film deposited at normal 

angle. The significant enhancement of power factor is mainly due to the increase of 

Seebeck coefficient, and the Seebeck coefficient improvement through the control of 

grain size can be explained by potential barrier scattering at grain boundaries. This 

concept has been theoretically and experimentally studied36-38. Assume a TE material 

only has one type of mobile charge carrier, the charge carriers will diffuse from the hot 

end to the cold end of the material if a constant thermal gradient is applied to the 

material, i.e., a Seebeck voltage is induced. On the other hand, on the two sides this 

Seebeck voltage induced potential difference will drive the charge carriers drift back 

to the original position and diminish the Seebeck voltage. 

During the two competing process, if there is a potential barrier in the TE material, the 

drift of carrier can be retarded or even stopped, and therefore the Seebeck coefficient 

can be improved.  

In this work, the grain boundaries act as potential barriers to scatter and filter the 

carriers, so that the carriers drifting from cold side to hot side possessing lower energy 

than the barrier can be stopped, while in the meantime the high energy carriers driven 

from hot side to cold side can pass through the barrier76. In the SnSe thin film grown 

at glancing angle, the surface area of grain boundary is increased, as a result, the low 

energy carriers can be effectively scattered, leading to an improvement of Seebeck 

coefficient. In addition, similar to the previous literature36, there is a temperature 



                      THE HONG KONG POLYTECHNIC UNIVERSITY 
 

 

SUEN Chun Hung  62 

  
 

dependence of the grain size effect on the Seebeck coefficient. As shown in Figure 

3.15a, there is a large difference between the Seebeck coefficients of the films 

deposited at normal angle and glancing angle at low temperatures. However, at higher 

temperatures beyond 426 K, they start to converge and the difference between them 

significantly reduced. This result suggests that at low temperatures, the mobile carriers 

do not have enough energy to overcome the potential barrier, so in the film deposited 

at the glancing angle, large amount of grain boundaries can effectively scatter the low 

energy carriers, leading to a large improvement of Seebeck coefficient. However at 

high temperatures, the carriers gain enough kinetic energy to pass through the grain 

boundaries, so the grain boundaries cannot hinder the carrier drift, resulting in little 

enhancement of Seebeck coefficient by increasing grain boundaries. Eventually the 

Seebeck coefficients of the two films converge at high temperature. 

Figure 3.15d illustrates the temperature dependence of the out-of-plane thermal 

conductivities of the two SnSe thin films from 200 to 340 K. At temperatures ranging 

from 200 to 300 K, the film deposited at normal angle exhibits much higher thermal 

conductivity. While beyond 300 K, the thermal conductivities of them do not show a 

significant difference, but tend to the same value increasing with temperature. The 

thermal conductivities eventually attain the highest value of ~0.189 W/mK at 340 K. 

The trend of the thermal conductivities may be attributed to the low dimension of the 

thin films, so the thermal conductivity contributed by phonon is limited, and charge 

carrier density dominates the heat conduction. This leads to the increasing thermal 

conductivity as temperature increases.  

In this work, the thermal conductivities of the films were measured in out-of-plane 
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direction, they cannot be directly used with those measured in-plane electrical 

properties. But they can be used as a reference to foresee the performance of those 

films. The thermal conductivities measured here does not cover the whole temperature 

range of other TE measurements, estimation can be made to reckon the actual 

performance of those SnSe films. Considering the increasing electrical conductivity of 

the SnSe film deposited at the glancing angle, the decreasing thermal conductivity of 

the bulk SnSe when temperature increases59, and the expectation that the in-plane 

thermal conductivity will be lower than that in out-of-plane direction because of the 

nanopillar structure, it is conservative to estimate that the thermal conductivity of the 

glancing angle deposited film would constantly increase, and would reach 0.259 

𝑊/𝑚𝐾 at 478 K. Based on this estimation the maximum zT of the SnSe film in this 

work can reach 3.4.  

There were uncertainties in measuring the TE properties. For the 3 ω  thermal 

conductivity measurement, 1% and 3% of error were introduced in measuring the 

dimensions of the metal line. 0.1% of uncertainty was produced in measuring the 

thickness of the thin film. The error in this measurement mainly came from the 

measurement of temperature change ΔT , which was estimated as 5%. Overall the 

uncertainty introduced in the 3ω was 5.7%. In measuring the Seebeck coefficient and 

electrical conductivity, 7% and 5% of uncertainties were introduced respectively. 
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Figure 3.15. TE properties of SnSe thin films as a function of temperature. (a) 

Seebeck coefficient. (b) Electrical conductivity. (c) Power factor and (d) Thermal 

conductivity. 

 

By comparing the TE performance of the as-deposited SnSe thin films with the bulk 

single crystal counterpart59, one can see that the deposited films in this work have 

much lower operation temperature than that of the bulk material. Moreover, the out-

of-plane thermal conductivities of the films deposited in this work have different trends 

compared to the SnSe single crystal. The bulk material has a decreasing thermal 

conductivity upon the increasing temperature. In addition, the thermal conductivities 

of the studied films are much lower than that of the bulk SnSe, it is believed that such 

observation should be due to the grain and surface boundary scattering presents in the 



                      THE HONG KONG POLYTECHNIC UNIVERSITY 
 

 

SUEN Chun Hung  65 

  
 

as-deposited thin films in this work. In terms of the figure of merit, the maximum zT 

in this work is estimated to be 3.4, which is higher than the bulk material of 2.6. 

Compared to the SnSe thin film deposited by the other group of researchers41, the film 

deposited at a glancing angle has a lower Seebeck coefficient. In the previous study 

the room temperature Seebeck coefficient of SnSe films deposited on different 

substrates attained high values from 432 𝜇𝑉/𝐾 to 505 𝜇𝑉/𝐾, which is almost two 

times higher than the films in this work, with room temperature Seebeck coefficient of 

262.2 𝜇𝑉/𝐾. 

 

3.5 Summary 

 

Structural and TE property characterizations have been conducted on SnSe thin films 

deposited on NaCl and SiO2/Si substrates. The results revealed that stoichiometric 

SnSe film can be deposited at an optimized temperature of 330 ℃. In contrast to the 

continuous columnar structure exhibited by the film deposited at normal angle, the 

film grown at glancing angle shows a slanted nanopillar structure with a smaller grain 

size. In TE measurements, the film deposited at glancing angle exhibits great 

enhancement of power factor for >20 times higher. The improvement of power factor 

is contributed by the increment of Seebeck coefficient, and it can be explained by the 

concept of energy barrier scattering effect. By comparing the thermal conductivities of 

the two films, the one deposited at normal angle has a higher thermal conductivity at 

relatively lower temperatures, which is consistent to the study of morphologies for the 

two films. With the presence of TE property enhancement, this study provides an 
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alternative strategy to boost the TE performance of thin films. 
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Chapter 4 Characterization of SnTe thin films 

and multilayered thin film composed of SnSe 

and SnTe 

 

4.1 Introduction of Tin Telluride (SnTe) 

 

SnTe has a simple cubic structure with space group of Fm3m (#225) adopting a face-

centered structure. Figure 4.1 represents the schematic of SnTe crystal structure with 

a lattice constant of 0.63 nm. In terms of electronic band structure, SnTe has two 

valence bands (light-hole and heavy-hole bands) with band gap of 0.18 eV as shown 

in Figure 4.2. It has a similar crystal structure and band structure to PbTe, with 

difference of larger valence band offset of about 0.3 eV for SnTe compared to that of 

0.1 eV for PbTe. This similarity suggests that SnTe has the potential to be a good TE 

material similar to PbTe, but without toxic Pb. However because of its low zT due to 

the low Seebeck coefficient and high electronic thermal conductivity, SnTe has been 

used for alloying material in other telluride systems for enhancing TE properties77-89. 
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Figure 4.1. Crystal structure of cubic SnTe with lattice constant of 0.63 nm. 

 

 

Figure 4.2. Simplified band structure of PbTe and SnTe. 

 

Some groups of researchers worked on developing the SnTe system in TE field, and 

there were breakthroughs. Hoang et al.90 have calculated the band structures of SnTe 

doped with monovalent (Na, K and Ag) and trivalent (Sb and Bi) impurities using 

supercell models. Based on the calculated band structures, they suggested that Ag- or 

Sb-doped SnTe systems should exhibit degenerate semiconducting or metallic 

conduction with a possibility of large Seebeck coefficient. Zhang et al.91 also improved 

the TE properties of SnTe bulk material by small amount of indium (In) doping and 
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introduction of grain boundaries. With their fabricating process of high-energy ball 

milling and hot pressing which introduces grain boundaries, and reduces lattice 

thermal conductivity, they discovered that through doping, the zT can be improved 

from 0.7 to 1.1 when temperature is up to about 900 K. Zhou et al.92 also investigated 

the effect of different doping to the TE properties, they decreased the carrier 

concentration by Iodine (I) doping and increased the carrier concentration of 

Gadolinium-doped or Te-deficient SnTe system experimentally. Their results suggest 

that the zTs are also enhanced for the both cases, but the improvement is more efficient 

for the I-doped SnTe system. Similar to the case as SnSe, the study of SnTe TE thin 

film was inadequate compared to the bulk SnTe. This arouses our interest to investigate 

the growth and TE properties of SnTe thin films. 

 

4.2 Experimental Details 

 

Similar to the procedures as mentioned in the previous chapter, the SnTe thin films 

were deposited on Si substrates with 300 nm of SiO2 top layer at temperatures of 250 

and 330 ℃. Multilayered thin film with SnSe was also deposited to study the effects 

of multilayered structure. The multilayered thin film was composed of 6 alternating 

layers of SnSe and SnTe, in which SnSe was the bottom layer. The layers were 

deposited at an interval of 10 minutes, between the intervals the deposition process 

stopped for no more than 1 minute so as to change the target, the substrate temperature 

in the deposition was less than the optimized temperature, so as to avoid the interfacial 

diffusion between the layers. All of the SnTe and multilayered films were deposited at 



                      THE HONG KONG POLYTECHNIC UNIVERSITY 
 

 

SUEN Chun Hung  70 

  
 

the normal angle. The crystal structure and TE properties of the as-deposited 

multilayered thin film were compared to those of the original SnTe thin film, the effects 

of the multilayered structure were investigated based on these results and are discussed 

in this chapter. 

 

4.3 Structural characterization of SnTe and 

SnSe/SnTe multilayered films 

 

The XRD patterns of the SnTe thin films deposited at 250 and 330 ℃ are shown in 

Figure 4.3. By adopting a cubic structure of SnTe (a = 0.63 nm, JCPDS #65-314), both 

films exhibit strong peaks at 2𝜃 = 28.27 ° representing (200) plane. In addition other 

peaks also present in the pattern, such as (220), (400), weak (222) and (420) peak. It 

is apparent that the SnTe thin film deposited at 330 ℃ shows the strongest (200) and 

(400) peaks, and these two peaks are degraded in the film deposited at 250 ℃. These 

results indicate a worse crystallinity at relatively lower deposition temperature (250 ℃) 

compared to the SnTe film deposited at 330  ℃ . To conclude, 330  ℃  is the best 

temperature for deposition SnTe.  
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Figure 4.3. XRD patterns of the SnTe thin film deposited at 250 and 330 ℃. The 

patterns are compared to the SnTe simulation pattern (JCPDS #65-314). 

 

To investigate the microstructure and composition of the SnTe thin film deposited at 

330 ℃, TEM and EDX studies were conducted and the results are shown in Figure 4.4. 

The lattice spacing in Figure 4.4a matches the cubic SnTe (a = 0.63 nm) structure, and 

is consistent to the XRD results. The EDX spectrum as shown in Figure 4.4b displays 

the composition of SnTe thin film, with a ratio of Sn/Te = 1:1, indicating the 

stoichiometric SnTe compound of the film. 
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Figure 4.4. (a) HRTEM image showing (111) and (210) plane of SnTe with angle of 

88 ° and (b) EDX spectrum of SnTe thin film deposited at substrate temperature Ts = 

330 ℃. Si and Cu peaks are from substrate and Cu grid. 

 

The thickness of the SnTe thin film deposited at Ts = 330 ℃ with a deposition time of 

60 minutes is determined to be ~1.69 𝜇𝑚 by cross-sectional SEM study as shown in 

Figure 4.5. It is apparent that the SnTe films has columnar structure, which is similar 

to the SnSe films deposited at a normal angle as shown in Figure 3.14e. One can also 

see that there are some humps on top of the film, suggesting a rough surface of the 

film. To study the morphology further, a top view of SEM was performed and the 

image is shown in Figure 4.6, where one can see that the film is flat in general but with 

small islands on the surface with diameters ranging from 1.8 to 13.6  𝜇𝑚 . The 

formation of these islands can be explained by the defects introduced in thick films, 

i.e., as the film grows, defects and dislocations are introduced into the film. These 

defects perturb the normal growth of the film, and the defects stack together to form 

large defects, which should affect the quality of the film including the morphology. 
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Figure 4.5. Cross-sectional SEM image of SnTe thin film with Ts = 330 ℃ and 

deposition time of 60 minutes. 

 

 

Figure 4.6. Top view SEM image of SnTe thin film deposited at 330 ℃, with a 60 

minutes deposition time. 

 

A multilayered SnSe/SnTe film was deposited by a similar condition to SnTe. After the 

substrate was preheated to 250 ℃, a SnSe layer was first deposited, with a deposition 

time of 10 minutes. After the SnSe deposition, a layer of SnTe with deposition time of 
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10 minutes was followed, and the deposition of SnSe and SnTe layers went back and 

forth until it reached 6 layers. The substrate temperature for the multilayer deposition 

was lower than the deposition temperature of SnSe and SnTe, because a lower substrate 

temperature can avoid the diffusion of atoms between the layers and prevent the 

formation of new phase in the film. Figure 4.7 shows the XRD pattern of such thin 

film with multilayered structure, the as-deposited film shows the characteristic peaks 

of SnSe and SnTe as mentioned in the previous sections, including (200), (400), (302) 

and (800) peaks of SnSe, and (200), (220) and (400) orientations of SnTe. By 

comparing the multilayered thin film with the SnSe film deposited at the normal angle 

with Ts = 250 ℃, they have most of the common peaks except (122) plane, suggests 

that (122) plane maybe developed in SnSe thick layer. As the SnSe film in the previous 

section has been deposited for 30 minutes, in this multilayered film, although the total 

deposition time of SnSe layers is also 30 minutes, they have been split into three 

separate layers, which reduce or even avoid the development of additional planes other 

than the preferential (200), (400) and (800) planes. By comparing the XRD patterns 

between the multilayered film and the SnTe thin film deposited at 250 ℃, it can be 

observed that the (222) and (420) plane diminish, also the peak of (400) orientation 

increases. Similar to the result of (122) plane in SnSe layers, the (220) peak of SnTe 

in multilayered film decreases compared to the SnTe original thin film, suggesting the 

suppression of (220) peak when the SnTe layers are thin. Overall the XRD pattern of 

the thin film with multilayered structure shows distinct peaks of SnSe and SnTe, 

suggesting little interfacial diffusion. The multilayered structure can be confirmed by 

investigating the cross-sectional SEM images of the multilayered thin film as shown 
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in Figure 4.8. 

 

Figure 4.7. XRD pattern of the multilayered thin film consists of 6 layers of SnSe 

and SnTe deposited at 250 ℃. 

 

With the help of the annotations, it can be obviously seen that the structure consists of 

6 alternating SnSe and SnTe layers. The thicknesses of the 6 layers were measured and 

noted in the figure. One can see that for the layers of the same material, the thicknesses 

of them are not equal. For example the thicknesses of the SnSe layers vary throughout 

different deposition steps, from 202 nm to 187 nm then to 222 nm. The different 

thicknesses at different time interval may be due to the fact that during the deposition 

processes, the target was changed between SnSe and SnTe, as a result the laser spot 

position on the target during the SnSe deposition interval may not be the same as that 

at the previous SnSe deposition interval. This leads to an inconsistent deposition rate. 
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Figure 4.8. Cross-sectional SEM image of the multilayered thin film consists of 6 

layers of SnSe and SnTe deposited at 250 ℃. 

 

A cross-sectional TEM study was performed to examine the detailed structure of the 

multilayered thin film and the result is shown in Figure 4.9, where each layer can be 

identified and a structure with 6 layers can be observed. The thickness of each layer 

obtained by TEM is generally well consistent with that obtained by SEM.  

A high-resolution TEM image from one of the SnTe layers is shown in Figure 4.10, 

where the (200) and (310) planes of SnTe can be identified. 

The high-resolution TEM image of SnSe layer is shown in Figure 4.11. One can see 

that the SnSe layer is grown in high crystallinity even the deposition temperature is 

not at the optimized growth temperature. 

High-resolution TEM image showing the atomically sharp interface between the SnSe 

and SnTe layers was also obtained as shown in Figure 4.12. It is obvious to see that 

there is a clear boundary between the two layers, indicating that the diffusion of the 
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two materials is greatly reduced by lowering the deposition temperature. In the SnTe 

layer, the (200) plane can be identified, while (111) and (200) planes are identified in 

the SnSe layer. 

EDX analyses were conducted in all layers in the multilayered structure. The 

quantitative analysis results show stoichiometric SnTe and SnSe layers, indicating that 

interfacial diffusion between the SnSe and SnTe layers is very limited. 

 

Figure 4.9. Cross-sectional TEM image of the multilayered thin film consists of 6 

layers of SnSe and SnTe deposited at 250 ℃. 
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Figure 4.10. Cross-sectional TEM image of SnTe layer showing (200) and (310) 

planes with 69 °. Inset: The region where HRTEM was conducted. 

 

 

Figure 4.11. Cross-sectional TEM image showing (111) and (200) planes of SnSe 

layer with 75.3 °. Inset: The region where the HRTEM image was obtained. 
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Figure 4.12. Cross-sectional TEM image showing the interface between SnSe and 

SnTe layers in the multilayered thin film. Inset: HRTEM image showing the (200) 

plane of SnTe, and (111) and (200) plane of SnSe. Between the two layers there is a 

clear boundary. 
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4.4 TE properties characterization of SnTe and 

SnSe/SnTe multilayered films 

 

 

Figure 4.13. TE properties of the multilayered film, SnTe and SnSe thin films as a 

function of temperature. (a) Seebeck coefficient, (b) Electrical conductivity, and (c) 

Power factor. 

 

The TE properties of the multilayered thin film were investigated, including its 

Seebeck coefficient, electrical conductivity and power factor. The properties of the 

original SnSe and SnTe thin films were also measured for comparison. All the three 
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thin films were deposited at normal angle. 

By observing the Seebeck coefficients of the multilayered film and the SnTe film as 

shown in Figure 4.13a, one can see that they have room temperature Seebeck 

coefficients of almost 30  𝜇𝑉/𝐾 . When the temperature increases, the Seebeck 

coefficients increase with the temperature from room temperature to ~577 K. 

Throughout the temperature range, the thin film with multilayered structure shows a 

superior Seebeck coefficient over that of the SnTe film, in which the film with 

multilayered structure attains the maximum Seebeck coefficient of 75 𝜇𝑉/𝐾 at a high 

temperature of 577 K, which is about 1.75 times of the Seebeck coefficient of the SnTe 

original film at the same temperature. This result suggests the carrier filtering at the 

boundaries between layers may enhance the Seebeck coefficient. 

However the multilayered thin film does not show an enhanced Seebeck coefficient 

over the as-deposited SnSe film. The Seebeck coefficient of SnSe film is about 2.1 

times as large of the multilayered film at 528 K. At 373K, the Seebeck coefficient of 

such SnSe thin film can even be 4.4 times larger compared with the multilayered 

structure. Within the temperature range of measurement, the Seebeck coefficient of the 

multilayered thin film can exceed that of the SnSe film only when temperature reaches 

about 579 K; at that temperature, the Seebeck coefficient of the original SnSe thin film 

is down to negative. By observing the temperature variation of the Seebeck coefficients, 

the examined multilayered thin film shows a similar trend as that of the SnTe film; 

both of them show monotonically increased Seebeck coefficients, in the temperature 

range from room temperature to 577 K. After 577 K, the Seebeck coefficient of the 

multilayered film starts decreasing, while the Seebeck coefficient of the as-deposited 
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SnTe film keeps increasing. In contrast to the similar trends mentioned, the examined 

multilayered film here shows a different temperature variation of Seebeck coefficient 

compared to that of the SnSe film. For the case of SnSe, the Seebeck coefficient first 

increases from the room temperature, until it reaches the maximum when the 

temperature is about 426 to 477 K. After that the Seebeck coefficient decreases. Other 

than the difference of temperature variation, the Seebeck coefficient of the thin film 

with multilayered structure has significantly smaller Seebeck coefficient than that of 

the SnSe thin film. In the measurement, the Seebeck coefficients were obtained in 

direction parallel to the surface of the substrates, meaning that the charge carriers 

diffuse along the in-plane direction when thermal gradient is applied. By introducing 

the grain boundaries as described in Chapter 3, the number of barriers increased in 

direction along the substrate plane, the carriers must pass through the barriers 

throughout the propagation, and this leads to a significant enhancement of Seebeck 

coefficient. By contrast, the introduction of multilayered structure as demonstrated 

here only increases the barrier in the direction perpendicular to the propagation of 

charge carriers, without greatly changing the in-plane barrier. Carriers in propagating 

the material are not necessary to pass through the layers, this may explain the less 

efficient enhancement of Seebeck coefficient by introducing multilayered structure, 

compared to the grain boundary introduction. However, the multilayered structure is 

expected to decrease thermal conductivity along the film thickness direction. 

In terms of electrical conductivity, Figure 4.13b summarizes the temperature 

dependences of the electrical conductivities of the three thin films. For the SnTe thin 

film, the electrical conductivity shows a decreasing trend from about 900 to 800 S/cm 
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in the temperature range around 300 to 425 K, then it exhibits a semiconducting 

characteristic from ~425 to about 525 K; beyond that temperature the conductivity 

decreases again. Overall the as-deposited SnTe film shows a trend of decreasing 

electrical conductivity as the temperature increases, indicating a metallic behavior. The 

relatively higher electrical conductivity and metallic behavior of SnTe film can be 

explained by the narrower bandgap of SnTe which is about 0.18 eV compared to SnSe. 

Compared to the SnTe thin film, the film with multilayered structure has lower 

electrical conductivities in the whole temperature ranging from 300 to about 625 K, 

suggesting that the carrier can be scattered at interfaces between the SnSe and SnTe 

layers. The electrical conductivity of the studied film also shows a decreasing electrical 

conductivity variation with temperature, suggesting a metallic behavior of the as-

deposited film. By contrast, the SnSe film exhibits an increasing electrical conductivity 

with increased temperature, showing a semiconducting behavior. Other than the 

difference between the trends, the electrical conductivity of the film with multilayered 

structure is higher than that of the SnSe film. At room temperature, the conductivity of 

812 S/cm of the multilayered film is 1000 times greater than that of the SnSe film, 

even though SnSe has an increasing conductivity and multilayered film has a 

decreasing electrical conductivity, the conductivity of SnSe film is also 2.8 times 

smaller compared to that of the multilayered film, when temperature attains 578 K. 

Similar to the case of Seebeck coefficients, the electrical conductivity of the film with 

multilayered structure shows a similar trend as that of SnTe film, rather than that of 

the SnSe film. These results indicate that the TE property of the as-deposited film with 

multilayered structure is mainly contributed by the SnTe component. 
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The power factors (Figure 4.13c) of the SnSe, SnTe and multilayered thin films were 

derived from the Seebeck coefficient and electrical conductivity. It is apparent that the 

power factors of the multilayered and SnTe films show a similar temperature variation, 

in which they increase with the temperature. By comparison, the power factor of the 

film with multilayered structure increases gradually and it attains the maximum when 

the temperature reaches 577 K, which is about 1.5 times higher than the as-deposited 

SnTe film at that temperature. The enhancement of the power factor from the film with 

multilayered structure is attributed to the improvement of the Seebeck coefficient, as 

Seebeck coefficient has a larger contribution in the power factor compared to the 

electrical conductivity, although the multilayered film has a smaller electrical 

conductivity compared to the SnTe film. The enhancement of Seebeck coefficient also 

achieves a higher power factor; by comparing to the SnSe film, the multilayered thin 

film has a higher power factor than that of the SnSe film throughout the whole 

temperature range. Although SnSe film has a highest power factor of 0.77 

𝜇𝑊𝑐𝑚−1𝐾−2 at 477 K, the multilayered film has power factor for almost 2 times as 

large as that of the SnSe film. The reason of the higher power factor for multilayered 

thin film is due to the fact that the multilayered thin film has extremely higher electrical 

conductivity, which is up to 1000 times of SnSe film. So the film with multilayered 

structure has a higher power factor even though the SnSe film has significantly larger 

Seebeck coefficient. 

The enhancement of TE properties by introducing a multilayered structure was 

proposed by Hicks et al.5,6, they obtained the specific relationships between the 

quantum well width and the TE properties namely the Seebeck coefficient, electrical 
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conductivity and the thermal conductivity. A simulated figure of merit in relationship 

with the quantum well width was obtained and is shown in Figure 1.10. The proposal 

was also proved by different groups of researchers24-27,93. The idea of multilayered 

structure is that, assume the TE properties are studied along the direction of substrate 

surface, if a superlattice structure is introduced to a thin film, there is scattering 

between the layers, to both the carrier and phonon. However, as the interfaces are 

parallel to the propagation direction of the charge carriers, there is a small suppression 

in the transport of the electrical conductivity, leading to a limited conductivity decrease. 

In contrast, the interfaces between the layers scatter the phonon effectively, and lead 

to a significant decrease of thermal conductivity. In this work, as the thermoelectric 

properties of the multilayered film is mainly contributed by the SnTe component, there 

is no enhancement of Seebeck coefficient can be observed by introducing a 

multilayered structure over the SnSe film, the TE enhancement between them is only 

the electrical conductivity and possibly thermal conductivity.  

By comparing the TE properties of the SnTe film with the bulk counterparts which are 

fabricated by the other researchers92,94, our SnTe films has lower electrical 

conductivity compared to the bulk material fabricated by Freik et al,94 but with a 

Seebeck coefficient doubled; so the power factor of the thin film in this work is higher. 

Compared to the work of Zhou’s group, the electrical conductivity obtained from the 

SnTe thin film is about 2.5 times lower compared to the bulk material. Without any 

significant difference between the Seebeck coefficients of the film and the bulk SnTe, 

the power factor obtained from our thin film is lower than that of the SnTe bulk 

material. 
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4.5 Summary 

 

The TE properties of the as-deposited SnSe and SnTe films have been obtained and 

compared to the multilayered film with six alternating layers of SnSe and SnTe. The 

multilayered thin film exhibits a superior Seebeck coefficient compared to that of the 

SnTe film. With a decrease of electrical conductivity, the enhancement of Seebcek 

coefficient and the degradation of electrical conductivity can be attributed to carrier 

scattering at interfaces between layers. Overall, the introduction of multilayer leads to 

a 1.5 times enhancement to the power factor. As a comparison to the studied SnSe film, 

the film with multilayered structure shows a degraded Seebeck coefficient, but a 

significant enhancement of electrical conductivity for 1000 times at room temperature. 

Power factor of the multilayered film is 1.7 times higher compared to the SnTe film. 

The temperature variations of Seebeck coefficient and electrical conductivity of the 

multilayered thin film show characteristics of SnTe rather than SnSe, indicating that 

the domination of SnTe properties in the multilayered thin film. The investigation in 

this work provides the feasibility on enhancing the thin film TE performances by 

introducing the multilayered structure. 
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Chapter 5 Conclusions 

In this thesis work, two approaches to enhance the TE properties of SnSe and 

SnTe thin films have been investigated, namely the grain size reduction and 

multilayered structure. The grain size reduction is realized by a special deposition 

technique called pulsed-laser glancing angle deposition, and the multilayered structure 

is realized by alternating growth of the two layers. Structural and TE properties of 

those films are measured and compared to study the effect of the grain size reduction 

and multilayered structure. 

For the grain size reduction, the SnSe thin film deposited at a glancing angle of 

80 °, shows different crystal orientation compared to the SnSe film deposited at the 

normal angle. In addition, the film deposited at glancing angle shows a nanopillar 

structure pointing towards the source flux. The grain size of ~120 nm presented in the 

glancing angle deposited film had six times reduction compared to that of the normal 

angle deposited film. In terms of TE properties, the thin film deposited at a glancing 

angle shows a Seebeck coefficient of 498.5 𝜇𝑉/𝐾 at 426 K, which is much higher 

than that of the film deposited at a normal angle. Without significant change of the 

electrical conductivity, the studied film attains a maximum power factor of 

18.5 𝜇𝑊𝑐𝑚−1𝐾−2, which is twenty times higher than that of the SnSe normal angle 

deposited film. The enhancement of the TE properties can be attributed to charge 

carrier scattering by grain boundaries. 

By investigating the effect of multilayer approach, the distinct layers of SnSe and 

SnTe can be formed with limited interdiffusion. In TE measurements, the deposited 

thin film with multilayered structure exhibits a maximum Seebeck coefficient of 
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75 𝜇𝑉/𝐾, which is 1.75 times as high as the SnTe thin film, but with a decrease of 

electrical conductivity. The power factor of the multilayered thin film is still 1.5 times 

as high as the SnTe thin film, and attains 2.25  𝜇𝑊𝑐𝑚−1𝐾−2  at ~575 K. But the 

multilayered film shows an enhancement of electrical conductivity over the SnSe film 

instead of higher Seebeck coefficient. At 477 K, the power factor of the multilayered 

thin film is 1.7 times of that of the SnSe thin film. 

These results demonstrate the enhancement of TE properties by reducing the 

grain size and introducing multilayered structure, providing alternative strategies on 

improving the TE performances of thin film thermoelectric materials. 

 

5.1 Directions for Future Work 

Even this work has achieved successful enhancements on the TE properties of 

thin film thermoelectric materials, the investigation can go further. 

For example, the thermal conductivity of the thin films were measured in out-of-

plane direction, the overall performance cannot be evaluated accurately with the in-

plane electrical properties. To further investigate the thin films, the in-plane thermal 

conductivity should be measured. 

Furthermore, the thin films should be made into TE devices, so that the enhanced 

TE properties can be confirmed in device scale.  
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