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Abstract 

Recent remarkable advances in two-dimensional (2D) materials have spurred studies 

examining thermoelectric (TE) applications, especially thin and flexible TE transducers. 

Among them, 2D MoS2 has become the candidate for TE materials because it has not only 

high power factor but also unique properties for TE devices, such as high mechanical 

flexibility and in-plane mechanical stiffness. The large power factor of n-type MoS2 ultrathin 

layers has been obtained by using the field effect transistor (FET) structure. However, the 

usage of an external back-gate to modulate the carrier concentration in pristine MoS2 

produces a complicated technique for device fabrication and creates difficulty for practical 

application for thermoelectrics. Moreover, the TE properties of the p-type doped MoS2 

ultrathin layers, which are fundamentally necessary for TE devices that consist of n-type and 

p-type TE elements, have not been studied even though the p-type Nb-doped MoS2 have been 

synthesized in which Mo is substituted by Nb.  

In this research, I aim to investigate the TE properties of p-type Nb-doped MoS2 ultrathin 

layers. The effects of Nb on TE transport properties will be assessed in relation to the 

behavior of electrical resistivity and the Seebeck coefficient depending on the temperature, 

and first principles calculations of the density of states (DOS).  

To carry out the research, I first synthesized the single crystals by using the chemical vapor 

transport method. Then I designed and fabricated the devices of these ultrathin layers that 

were mechanically exfoliated from my synthesized crystals. The reliability of fabricated 

devices was supported by the evaluation of the contact resistance and the simulation of the 

temperature profile by using finite element-method software Flow 3D. Finally, electrical 

resistivity and the Seebeck coefficient measured in the temperature range from 300 K to 450 

K are analyzed and compared with first principles calculations of the DOS.  

 The experimentally obtained results and density functional theory calculations indicate the 
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p-type degenerate semiconducting behavior of ultrathin layers. The enhancement of electrical 

resistivity compared to the bulk Nb-doped MoS2 results from weak localization and carrier 

scattering of the conduction carriers by random potential originated from stacking faults 

or/and edge roughness. This picture is consistent with the decrease in electrical resistivity 

with rising temperature. Moreover, the lack of change of the Seebeck coefficient by layer 

thickness suggests that the modulation of spectral conductivity Σ(E, T) is cancelled even in 

the localization condition. The experimental results are also consistent with first principles 

calculations for the density of states of pristine MoS2 and Nb-doped MoS2 monolayers. 

By analyzing the physical mechanism of the influence of the Nb dopants on TE transport 

properties of Nb-doped MoS2 ultrathin layer, this research contributes partly to the field of 2D 

TE materials. This research also offers a potential trend for next-generation flexible 2D TE 

materials which are applied in TE nanodevices. 

KEYWORDS: MoS2, thermoelectric properties, ultrathin layer, weak localization, first-

principles calculations.  
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Chapter 1 

1 Introduction 

1.1 Thermoelectric materials 

Thermoelectric (TE) technology, which is based on Seebeck effect and Peltier effect [1], 

directly converts waste heat into electrical energy and vice versa, by utilizing power 

generators and Peltier coolers, respectively. This environmentally friendly technology has 

been attracting a lot of attention for decades because of the fact that, more than 60% of 

energy, mostly in the form of waste heat, as illustrated in figure 1.1 [2], is lost in useless 

worldwide. Although these TE devices present many benefits such as solid-state operation, 

high reliability, and good stability [1, 3, 4], they remain limited to niche application because 

of their low power conversion efficiency [5, 6]. For instance, the TE heat pumps are used in 

the back and bottom cushions (figure 1.2) [6], in which the conditioned air moves from the 

TE system through channels to the occupant, supplying on-demand cooling or heating. 

 

 

 

 

 

 

 

 

The low power conversion efficiency of TE devices is related directly to the low 

conversion efficiency of the TE materials, which can be evaluated by power factor PF = S
2-1 

1Figure 1.1 Energy Statistics and potential TE Generators [2]. 
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Fan 

TE module 

and the dimensionless figure of merit as below 

ZT = (S
2
T)/()       (1-1) 

where S is the Seebeck coefficient,  represents electrical resistivity, κ denotes thermal 

conductivity, and T is temperature [7]. The quantity PF is the key to achieving high ZT. Large 

PF is equivalent to large generation of the voltage and current. Thermal conductivity  = l + 

e consists of the contribution from lattice vibrations l, called lattice thermal conductivity, 

and from carrier e, called carrier thermal conductivity. In fact, the intrinsically compromised 

behavior between S,  and κ causes a challenging issue for the enhancement of efficiency [8].  

For example, large S concomitantly results in large ρ and low κ. Typically, good TE materials 

belong to degenerate semiconductors [9, 10] that have the carrier concentrations within the 

region of 10
19

–10
21

 cm
-3

, as shown in figure 1.3 [9].  

 

 

 

 

 

 

 

 

Thermoelectricity was discovered since the bird of the Seebeck effect in 1821 by the 

German scientist T. J. Seebeck (figure 1.4(a)) [11, 12]. When a temperature difference ΔT is 

applied to a TE couple consisting of n-type (electrons are majority carriers) and p-type (holes 

are majority carriers) elements, the mobile charge carriers will diffuse from the hot side to the 

cold side, generating an electrostatic potential ΔV. The ratio of - ∆V/∆T is related to an 

intrinsic property of the materials called the Seebeck coefficient S, or thermopower, as shown 

 2Figure 1.2 Automotive Climate Control Seat developed by Gentherm [6]. 
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in figure 1.4(b). Conversely, when a current is applied to a TE couple, heat is absorbed in one 

junction and released at the other. This effect was discovered in 1834 by French physicist J. C. 

A. Peltier (figure 1.4(d)) known as the Peltier effect, as displayed in figure 1.4(e) [13].  

 

 

 

 

 

 

 

 

 

For power generation using the Seebeck effect, the TE efficiency 𝜂p is determined by the 

relationship between Carnot efficiency ([Th -Tc]/Th) and ZT as following equation [14, 15], 

𝜂p =
𝑇h−𝑇c

𝑇h
[

√1+𝑍𝑇ave −1

√1+𝑍𝑇ave+𝑇c/𝑇h
]                          (1-2) 

where ZTave is the average value per leg (n-type and p-type legs) and is averaged over the ZT 

curve depending on temperature between Th and Tc, that are the hot and cold sides of the 

temperature in sequence. 

𝑍𝑇ave =
1

𝑇h−𝑇c
∫ 𝑍𝑇d𝑇

𝑇h

𝑇c
                                     (1-3) 

Figure 1.4(c) shows that the conversion efficiency becomes larger at higher ZTave and 

larger temperature difference.  

For refrigeration based on the Peltier effect, the TE cooling efficiency 𝜂c can be evaluated 

by equation (1-4) [14, 15], 

𝜂c =
𝑇h

𝑇h−𝑇c
[

√1+𝑍𝑇ave −𝑇h/𝑇c

√1+𝑍𝑇ave+1
]                        (1-4) 

 3Figure 1.3 Good TE materials are typically heavily doped semiconductors (carrier 

concentration between 10
19

 and 10
21

 carriers per cm
3
) [9]. 
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4Figure 1.4 The Seebeck and Peltier effects: (a) The German physicist, T. J. Seebeck, 

(b) power generation produced by applying a temperature difference to make charge 

carriers to diffuse from the hot end to the cold end, (c) power generation efficiency in 

relation to ZTave; (d) the French physicist, J. C. A. Peltier, (e) active refrigeration 

produced by absorbing heat at the lower junction and releasing heat at the higher 

junction when applying a current through the circuit, (f) cooling efficiency in relation to 

ZTave. High ZTave corresponds to high TE power generation and cooling efficiency [11]. 

As illustrated in Fig 1.4(f), similar to the TE power generation, a larger ZTave value will 

produce a higher TE cooling efficiency 𝜂c.  

 

1.2  History of methodology for improving ZT 

As mentioned above, the desire for producing TE materials having high ZT have faced with 

big challenges because power factor PF and thermal conductivity  determined by the 

electronic structure and scatting of charge carriers (electrons or holes) are not independently 

controllable [8, 11]. In the 1950s, the attempts eventually confirmed that the alloyed 
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semiconductors with high carrier concentration are the most efficient bulk TE materials. 

Many experiments showed that Bi2Te3 and alloys like BixSb2-xTe3, and PbTe and alloys like 

PbTe–PbSe display high ZT up to 1 [16, 17]. The reason is that these alloyed semiconductors 

suppress the transport of phonons (quantized lattice vibrations carrying heat), resulting in a 

reduction of  meanwhile maintaining high carrier concentration for good electrical 

conductivity . In addition, the usage of heavy elements with low sound velocities, such as 

Bi, Te, and Pb, results in the further reduction of l [8]. However, the increase in  by rising 

carrier concentrations also depresses S and enhances e = LT proposed by Wiedemann–

Franz, where L stands for the Lorenz number. Therefore, the choice for reduction of the 

electronic component of  of TE materials is impossible because it will negatively influence 

on  leading to no improvement to ZT. These compromised trends are illustrated in figure 1.3 

and prevent the ability to improve ZT. That why over the following three decades, from 1960 

to 1990, there was no significant progress in improving ZT, and the (Bi1-xSbx)2(Se1-yTey)3 alloy 

family remained the best material with maximal value ZT  1 [17]. 

In the 1990s, TE community was motivated by the advances in TE materials with the novel 

discoveries for improving the TE performance. There have been two different approaches for 

the next generation of TE materials by utilizing new groups of bulk TE materials with 

complicated crystal structures and low-dimensional TE materials. The first approach called 

the ‘‘phonon glass electron crystal’’ (PGEC) approach [18] supposes that the best TE 

materials should combine the thermal properties of glass-like materials and electrical 

properties of crystal-like materials. This approach is successful for materials having complex 

crystal structures, in which the voids caused by vacancies and rattlers caused by heavy 

element atoms located in the voids could display as effective phonon scattering centers and 

result in the significant reduction of l [19]. The second approach is based on the idea of 

Hicks and Dresselhaus
 
[20-23], who proposed that low-dimensional TE materials could 
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increase ZT via the enhancement of S due to quantum confinement, and/or the decrease of l 

due to the increase of surface scattering. Firstly, because of size-quantization effects, S in 

low-dimensional systems becomes significantly larger than that of 3D systems. According to 

the Mott relation, in systems with degenerate Fermi statistics, such as degenerate 

semiconductors and metals, S is given by [24] 

𝑆 =  
π2

3

𝑘B

𝑞
𝑘B𝑇 {

d[ln (𝜎(𝐸))]

d𝐸
}|

𝐸=𝐸F

            (1-5) 

where, (E) is electrical conductivity and satisfies, 

(E) = qn(E)(E)                           (1-6) 

where, n(E) denotes the carrier concentration, (E) is the mobility. It is clear from equation 

(1-5) that, the enhancement of the energy-dependence of electrical conductivity d(E)/dE will 

increase S. From equation (1-6), the enhancement of d(E)/dE is equivalent to the 

enhancement of dn(E)/dE and/or d(E)/dE. The increase in dn(E)/dE can be gained by 

improving the dependence of density of states (DOS) on energy. As shown in figure 1.5, the 

size-quantization effect in low-dimensional structures leads to the increase in dn(E)/dE.  

Secondly, low-dimensional systems lead to the reduction of L without too much loosing on 

mobility  because the phonon mode structure is influenced by the low dimensionality, or the 

electron mean free path is less than the phonon mean free path. 

1.3 Current researches on two dimensional TE materials   

The idea of Hicks and Dresselhaus combining with the recent remarkable advances in two-

dimensional (2D) materials [25], after the bird of graphene, has enticed researchers to be 

interested in TE application of 2D materials, for example, planar Peltier cooling [26]. With 

many unique properties that are best suitable for electronic and optoelectronic applications, 

transition metal dichalcogenides [27, 28] are attracting much attention. Among them, 2D 

molybdenum disulfide (MoS2) is the candidate for TE investigation due to its unique 
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c 

a b 

a 

b

a 

S 

M

properties for electronic devices [29-32], such as large band gap [33] high mechanical 

flexibility [34] and in-plane mechanical stiffness [35]. 

 

 

 

 

 

 

 

 

 

Structurally, the Nb-doped MoS2 single crystal is similar to pristine MoS2. Bulk MoS2 is a 

semiconductor with a band gap of 1.2 eV [36]. It has the layered structure consisting of a 

stack of individual layers in which each layer composed of a single atomic triangular plane of 

molybdenum (Mo) is sandwiched between two triangular planes of sulfur (S), all bonded by 

strong covalent bonding (figure 1.6) [37]. The individual layers of 0.65 nm, held together by 

weak van der Waals forces [38], enable us to extract the ultrathin layers using 

micromechanical exfoliation [39].
 

TE properties of 2D MoS2 have been studied by both experimentally [40, 41] and 

theoretically [42, 43]. Experimentally, using scanning photocurrent spectroscopy of MoS2 

6Figure 1.5 Electronic DOS for (a) 3D crystalline semiconductor, (b) 2D quantum well, (c) 1D 

nanowire or nanotube, and (d) 0D quantum dot [23]. 

5Figure 1.6 Supercell and crystal structure of bulk MoS2. 
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transistors, Buscema et al. demonstrated that the Seebeck coefficient S of single-layer MoS2 

can be up to be - 10
5
 μVK

-1
 [40], in which the carrier concentration can be tuned by an 

external electric field. Similarly, Jing Wu et al. [41] recently obtained the large S about -30 

mV/K in MoS2 monolayer in insulating regime applied by a negative back gate voltage 

(figure 1.7). Compared to value of S of other recently studied low-dimensional materials, such 

as graphene (± 100 μV/K) [44], Bi2Te3 (± 200 μV/K) [45, 46] semiconducting carbon 

nanotubes (- 300 μV/K) [47], Ge−Si core−shell nanowires (400 μV/K) [48] and InAs 

nanowires (- 5 mV/K) [49], this value is remarkably larger. However, ZT value of MoS2, in 

this case, is predicted rather low due to large electrical resistivity  [41].  

 

 

 

 

 

 

 

 

 

 

 

 

Recently, Kayyalha et al. carried out a systematic investigation of the thickness 

dependence of the electrical and TE properties of the MoS2 ultrathin layers [50]. They 

discovered that by increasing the positive back-gate voltage to shift the Fermi level (EF) of 

sample to enhance the carrier concentration, a large power factor PF about 30 Wcm
-1

 K
-2

 in 

7Figure 1.7 Large Seebeck coefficient of single layer MoS2 as a 

function of back gate voltage at different temperatures [41]. 
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the bilayer was obtained as illustrated in figure1.8. This result was also confirmed by K. 

Hippalgaonkar et al. [51] when obtaining the large power factor of monolayer, bilayer, and 

trilayer of MoS2 when investigating the metallic regime by applying a positive back gate. 

Even though the magnitude of S decreases when the Fermi level is shifted closer to the 

conduction band minimum (CBM) due to the enhancement of electron concentration, the 

increase in electrical conductivity leads to improvement of the measured power factor S
2
σ. 

This ultrathin layer n-type MoS2 with high power factors are promising TE applications. 

However, the usage of external back-gate to modulate the carrier concentration in pristine 

MoS2 results in complicated technique for device fabrication and difficulty for practical 

application.  

 

 

 

 

 

 

 

Another method published recently is the substitution, in which molybdenum (Mo) is 

replaced by niobium (Nb). Until now, stable p-type single crystals of MoS2 by substitutional 

Nb doping were synthesized by using chemical vapour transport (CVT) method [52, 53]. This 

is proved by using density-functional energetics/formation energies calculations that Nb 

(4d
4
5s

1
) which has one less valence electron than Mo (4d

5
5s

1
) is theoretically proposed as the 

most suitable substitutional acceptor [54]. Using CVT method, J. Suh et al. [52] synthesized 

the stable p-type conduction in MoS2 by substitutional 0.5% Nb doping resulting in a 

degenerate hole density of ∼3 × 10
19

 cm
3
 that belong to the optimal region for achieving the 

8Figure 1.8 Power factor of thin layer MoS2 as a function of the VG [50]. 
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high efficiency of TE material. In contrast to n-type behavior in FET of pristine MoS2, the 

Nb-doped MoS2 ultrathin layers have been theoretically and experimentally demonstrated to 

be the degenerate p-type semiconductors [52-55], which are critical needs for TE devices 

which consist of n-type and p-type TE elements [9]. To my knowledge, no report of the 

relevant literature has described p-type TE ultrathin layers. Moreover, the effects of the Nb 

dopants on the TE properties of Nb-doped MoS2 ultrathin layers have not been considered. 

1.4 Research objective and dissertation outline 

The objective of this dissertation is the fabrication of the devices of the p-type degenerate 

ultrathin layers of Nb-doped MoS2 and the measurement of their TE properties. To achieve 

this goal, I first synthesize the crystallinity of single crystals of Mo0.97Nb0.03S2 by using CVT 

method. Then I apply the micromechanical exfoliation to extract the ultrathin layers from 

synthesized bulk materials. Next, the devices of ultrathin layers are fabricated based on the 

design. After that, electrical resistivity  and the Seebeck coefficient S over the temperature 

range from 300 K to 450 K are measured. Finally, the experimental results are compared with 

that of density functional theory (DFT) calculations for DOS of pristine MoS2 and Nb-doped 

MoS2 monolayer.   

In this research, my purpose is to investigate the TE properties of Nb-doped MoS2 ultrathin 

layers and the effects of the Nb dopants on their TE transport properties in relation to the 

behavior of S, , and DOS. This dissertation consists of five chapters described as follows.  

In chapter 1, the general introduction of the research is introduced together with the 

organization of the thesis. The process for synthesizing the single crystals of MoS2, 

Mo0.99Nb0.01S2, Mo0.98Nb0.02S2, and Mo0.97Nb0.03S2 is presented in detail in chapter 2. This 

chapter also describes the analysis of X-ray powder diffraction (XRD) for getting the lattice 

parameters. The XRD patterns and the mechanical exfoliation technique suggest the success 

of the synthesis of single crystals by using CVT method. The fabrication of the devices is 
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presented step by step in chapter 3. It consists of the preparation of the suitable substrate, pre-

markers, electron beam lithography (EBL), thermal deposition, transferring system, and 

annealing. Furthermore, the device of the Si substrate is fabricated for determining its 

Seebeck coefficient. The reliability of the fabricated devices is also testified by the 

temperature profile simulated by using finite-element-method software Flow 3D 

(http://www.flow3d.co.jp/). The experimental measurement of TE properties is carried out 

and analyzed in chapter 4. The effects of Nb substitution on TE properties as well as DFT 

calculations are carefully discussed. Chapter 5 highlights the work and future study. 

 

 

 

 

  

http://www.flow3d.co.jp/
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Chapter 2 

2 2 Synthesis of Mo1-xNbxS2 single crystals  

 Introduction 2.1

Because the aim of this research is to fabricate and investigate TE properties of the devices of 

ultrathin layers Nb-doped MoS2, the quality of these ultrathin layers becomes crucial. To 

synthesize the single crystals of Nb-doped MoS2 with high purity and crystallinity, I use the 

CVT method, a technique proposed by Schäfer [56, 57]. The CVT method summarizes 

heterogeneous chemical reaction which is based on the principle that a condensed phase, 

generally a solid, is able to be volatilized and deposited elsewhere in the form of crystals in 

the presence of a gaseous reactant. Then micromechanical exfoliation [58, 33] is applied to 

extract the ultrathin layers. In my synthesis, in order to get the large and high-quality single 

crystals, a series of parameters consisting of temperature of the chamber, the temperature 

difference between the hot and cold side, the size of the ampoule, and the growth time are 

optimized. These optimized parameters also meet the demand for growth of single crystals 

that were proposed by Nitsche et al. [59-61].  

This chapter presents the optimal procedure to synthesize single crystals of MoS2, 

Mo0.99Nb0.01S2, Mo0.98Nb0.02S2, and Mo0.97Nb0.03S2. The XRD analysis combining with 

micromechanical exfoliation of ultrathin layers suggest the successful synthesis of the single 

crystals and the fabrication of ultrathin layers of Nb-doped MoS2.   

2.2 Synthesis of Mo1- xNbxS2 single crystals 

2.2.1 Preparation of clean quartz ampoules  

All my quartz tubes used for the CVT growth of single crystals typically have the inner 

diameter of 8.8 mm and the wall thickness of about 1 mm. Firstly, the diamond saw cut the 

quartz tube into shorter ones with 50 cm in length. Then the heater (oxy - acetylene flame) 
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was used to melt the center of the tube and cut it into two equal ones with 25 cm in length.  At 

the distance of 10 cm from the opposite open-ended side of the tubes, the diameter was made 

narrower into 3 mm as shown in figure 2.1. All contaminants inside and outer of quartz 

ampoules were removed by burning around the ampoules with the flame.  

 

 

 

 

 

2.2.2 Introduction of the powdered materials and transport agent into quartz tubes  

To synthesize single crystals of MoS2, Mo0.99Nb0.01S2, Mo0.98Nb0.02S2, and Mo0.97Nb0.03S2, the 

stoichiometric amount of powder materials of Mo, Nb, S and I2 as a transport agent having the 

following purities (%) Mo 99.99, Nb 99.9, S 99.99 and I2 99.9 as shown in Table 2.1 were 

introduced into the ampoule by using the scale (BP 210 D Sartorius) with high accuracy. For 

safety, 400 mg of S was chosen. In my synthesis, the molt ratio nS/(sMo + nNb) = 2.05/1 is 

best. A slightly excess amount of S was introduced into the ampoule to compensate for the 

evaporation of S (0.05) due to the heating. This does not influence the Nb substitution 

because the stability calculation has revealed that the substituted Nb atoms are stable at the 

Mo sites but unstable at the S sites [54]. The concentration of the transporter I2 was chosen 

about 10 mg/ml of the ampoule’s volume for all compositions. 

Furthermore, to minimize the evaporation of I2 and S during heating, the powders were 

poured into the ampoule following the order: I2, S, Mo and Nb (figure 2.2). After introducing 

the powders, again the oxy-acetylene flame was used to make narrower the narrow-necked 

part of ampoule down to 1mm in diameter as seen in figure 2.3. 

 

9Figure 2.1 Quartz ampoules used for the CVT growth of single crystals. 
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2.2.3 Sealing off the ampoules 

The prepared ampoule was soon connected vertically to the gauge port of the vacuum system 

and waited for high vacuum reaching to 3.10
-6

Torr. When the vacuum reached to 10
-5

 Torr, 

liquid nitrogen was used for cooling down the ampoule to prevent the sublimation or 

vaporization of the iodine. When the evacuation was sufficient, the ampoule was melted 

slowly and sealed uniformly at the narrow neck by the oxy- acetylene flame. After sealing off, 

the uniform of the ampoule thickness was checked by optical microscopy to avoid the 

explosion when putting it into the electric furnace at high temperature.   

Table22.1 Amount of powder materials for synthesis by using CVT method 

Composition Mo (mg) S (mg) Nb (mg) Ampoule’s volume (ml) I2 (mg) 

MoS2 583.86 400  8.7 87 

Mo0.99Nb0.01 S2 577.95 400 5.65 8.71 87.1 

Mo0.98Nb0.02 S2 572.18 400 11.31 8.71 87.1 

Mo0.97Nb0.03 S2 566.27 400 16.96 8.73 87.3 

10Figure 2.2 Powders were introduced into ampoule 

following the order: I2, S, Mo, Nb. 

11Figure 2.3 Narrow-necked part of 

ampoule. 
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Before putting the evacuated ampoule into the electric furnace, the ultrasonic was used 

about 15 minutes to make the uniform mixture of powders inside the ampoule (figure 2.4). 

 

 

2.2.4 Synthesis 

The sealed quartz ampoule was then put in an electric furnace for growth. The heater power 

of the electric furnace generated a gradient temperature in order to provide the CVT reaction 

inside the ampoule. The suitable temperature difference between the hotter and the colder 

ends was pre-measured by using a thermocouple. The temperature distribution inside the 

furnace tube in my experiment was measured by thermometer when the maximum 

temperature reaching up to 1050 
0
C as shown in figure 2.5.  

 

 

 

 

 

 

 

 

 

 

 

To avoid any explosion because of the strongly exothermic reaction and the high volatility 

of S, the evacuated ampoule was slowly heated with the rate about 1°C per min, from room 

12Figure 2.4 Uniform mixture inside the evacuated ampoule. 

13Figure 2.5 Temperature distribution inside the furnace tube. 



16 

 

temperature to 1050 °C for 19.5h. The heating period for synthesizing the single crystals was 

about two weeks. In my experiment, the condition for synthesis was listed in table 2.2. 

The time dependence of temperature inside the furnace tube was controlled as figured out 

in figure 2.6. At high-temperature region TH, the powders and transport agent were volatilized 

in the form of a chemically intermediate phase. The intermediate phase then diffused or 

converted to the lower temperature region TL. Finally, that phase decomposed and deposited 

single-crystals according to the following equations:  

At region TH:   {
Mo + I2   MoI2 

S  S4 
          At region TL:  2MoI2 + S4 2MoS2  +2I2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Results and discussion  

After two weeks of synthesis, the cooled quartz ampoules were carefully taken out the electric 

 Table22.2 The condition for synthesis 

Composition TH (
0
C) TL (

0
C) 

MoS2 1045 1000 

Mo0.99Nb0.01 S2 1045 1000 

Mo0.98Nb0.02 S2 1045 985 

Mo0.97Nb0.03 S2 1045 985 

14 Figure 2.6 The period for synthesis of single crystals. 
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furnace. A diamond disc blade machine was used to cut the quartz ampoules for taking out the 

grown crystals. Then the grown crystals were rinsed with ethanol to remove the iodine and 

remaining sulfur condensed on the crystals. The results indicate the thin and shiny crystals 

with high crystallinity. Figure 2.7 shows photographs of some crystals grown in my 

experiment. All most crystals have the hexagonal shape similar to the hexagonal crystal 

structure of transition metal dichalcogenides. The synthesized flakes with hundred m-size in 

diameter and m-size in thickness obviously confirm the anisotropy of growth rate (plate 

shape). Also, some big flakes with mm in diameter were synthesized (figure 2.8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By using the XRD analysis, the XRD pattern and Miller indices were calculated as shown 

in figure 2.9. The results give a good agreement with those of reported 2H-MoS2 [62]. The 

obtained lattice constants are also consistent with those of reported database of MoS2 as 

shown in table 2.3. 

15Figure 2.7 Single crystals of grown materials by CVT method. 

        (a) MoS2, (b) Mo0.99Nb0.01S2, (c) Mo0.98Nb0.02S2 and (d) Mo0.97Nb0.03S2. 

(a) (b)  

(c) (d)  

50 m 50 m 

50 m 
50 m 
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Furthermore, in the next section, by using mechanical exfoliation to isolate ultrathin layers, 

it will support for evidence that the synthesized materials are single crystals.   

As can be seen from the table 2.3, all values of x = 0, 0.01, 0.02 and 0.03 of Nb 

substitution, a single phase derived from MoS2 is obtained. Furthermore, MoS2 and NbS2 

have the same 2H crystal structure and similar lattice parameters, with a = 0.316 and 0.332 

nm and c = 1.229 and 1.194 nm, respectively [63, 64]. Mo and Nb atoms have the similar 

covalent radius with 130 pm and 134 pm in sequence and their oxidation states in the 2H-

polytype lattice are nearly identical. Furthermore, no impurity peaks of Nb are shown in the 

(a)  (b)  

16Figure 2.8 Big flakes of (a) MoS2 and (b) Mo0.97Nb0.03S2. 

17Figure 2.9 The XRD pattern and obtained Miller indices of MoS2, 

Mo0.99Nb0.01S2, Mo0.98Nb0.02S2, Mo0.97Nb0.03S2 and reported MoS2. 
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X-ray diffraction pattern of Nb-doped MoS2 samples. The lattice constants of MoS2, 

Mo0.99Nb0.01S2, Mo0.98Nb0.02S2 and Mo0.97Nb0.03S2 bulk samples are found to be quite similar 

(table 2.3), which confirms the small amount of substitution of Mo by Nb in MoS2 bulk 

crystal without affecting the lattice parameter. To determine the stoichiometry of Nb-doped 

MoS2, Energy Dispersive X-ray Spectrometry (EDS) or Secondary-Ion Mass Spectrometry 

(SIMS) is conventional use. However, EDS’s sensitivity is not enough in this case (Nb is only 

3%). In contrast, SIMS has a good sensitivity, but this is a destructive inspection. If we use X-

ray fluorescence analysis with wavelength dispersive type, a few % of Nb may be able to 

detect semi-quantitatively. However, this can be evidenced by indicating the p-type 

degenerate semiconductor in chapter 4.   

 

 

 

 

 

 

 

 

2.4 Micromechanical exfoliation and atomic force microscope  

The large ultrathin layers obtaining from mechanical exfoliation can give the evidence for 

confirming the single crystal phase of the synthesized material. The micromechanical 

exfoliation was carried out by applying a piece of scotch-tape to the surface of a synthesized 

single crystal and peeling off about 10 times. The tape was then deposited on the pre-cleaned 

SiO2/Si substrate and carefully peeled back by applying force parallel to the substrate surface 

to minimize adhesive residue (figure 2.10 (a)). The ultrathin layers identified by the optical 

Table22.3 Lattice parameter of synthesized single crystals and 

reported database MoS2 

 a = b (nm) c (nm) 

MoS2 0.3163 ±  0.0002 1.233  ±  0.001 

Mo0.99Nb0.01S2 0.3163 ±  0.0002 1.230  ±  0.001 

Mo0.98Nb0.02S2 0.3165±  0.0002 1.229±  0.001 

Mo0.97Nb0.03S2 0.3166±  0.0002 1.224 ±  0.001 

Reported MoS2 [62] 0.3161 1.2298 

Reported MoS2 [63] 0.316 1.229 

Reported NbS2 [64] 0.332 1.194 
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microscope (figure 2.10 (b)) and measured its thickness by using the atomic force microscope 

(AFM) (figure 2.11). The uniform thickness about 2 nm (3 layers) of the ultrathin layer with 

few m in length and width supports the layered structure of the single crystals. In addition, 3 

layers of Mo0.97Nb0.03S2 achieved from AFM convince us that the scotch tape method is 

effective for fabricating the devices of ultrathin layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.5 Conclusion 

The CVT growth technique for synthesizing MoxNb1-xS2 (x = 0, 0.01, 0.02, 0.03) single 

crystals has been successfully applied. This is a reliable method for growing single crystals of 

transition metal chalcogenides. The ultrathin layers of Nb-doped MoS2 achieved from 

2 m 

 18 Figure 2.10 (a) Ultrathin layers are isolated by mechanical exfoliation and 

(b) transferred onto SiO2/Si substrate. 

19 Figure 2.11 AFM measurement of thickness of ultrathin layer of Mo0.97Nb0.03S2. 

(a)  (b)  
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mechanical exfoliation confirm not only the layered structure of synthesized materials, but 

also the evidence for the growth of single crystals. The ultrathin layers will be used to 

produce the devices for investigating TE properties in next chapters. 

  



22 

 

Chapter 3 

Device fabrication of ultrathin layers of Nb-doped MoS2  

3.1 Introduction 

The performance of TE devices based on two-dimensional (2D) layered crystals of transition 

metal dichalcogenides in general, and Nb-doped MoS2, in particular, is significantly affected 

by electrical and thermal contacts between electrodes and these materials [65]. In fact, the 

major issue for 2D devices is the existence of a large contact resistance at the interface due to 

Fermi level pinning effect and the inconsistency of work function [66] between the material 

and deposited metals, which drastically suppresses the electrical and thermal current in the 

device. Therefore, along with fabrication technique to form nanostructures, the proper choice 

of deposited metals to improve the electrical and thermal conduction at the contacts is very 

important for performing reliable and repeatable measurements of TE properties.  

Since ultrathin layers of Nb-doped MoS2 show p-type semiconducting behaviour, the good 

interface between the sample and deposited metal requires suitable materials with high work 

function, such as Au, Pt, and Ni. Among these materials, Au is chosen because of its chemical 

stability and good electrical conduction [29, 67, 68].  

In this chapter, I report a reliable method to fabricate the devices of ultrathin layers of Nb-

doped MoS2 for investigating TE properties. This model is also supported by the device 

simulation of the temperature profile. 

3.2 Design of device fabrication of ultrathin layers  

The device fabricated in this study is shown schematically in figure 3.1. According to this 

scheme, the 100nm SiO2/heavily doped n-type Si substrate with pre-markers is spin-coated 

with methyl methacrylate (MMA) and polymethyl methacrylate (PMMA) in sequence (figure 

3.1(a)). In order to fabricate the thermometers, first EBL is used to draw the two small 
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rectangular holes with 1μm in width and 2 μm in length paralleled each other. These exposed 

patterns are developed by the solution of methyl isobutyl ketone (MiBK) and isopropyl 

alcohol (IPA) and rinsed by IPA (figure 3.1(b)). Then, the substrate is submerged into 

buffered hydrofluoric acid (BHF) and rinsed by deionized water to totally etch and remove 

the SiO2 area under the exposed areas (figure 3.1(c)). After that, the patterns of electrodes for 

the four-probe measurement and the heaters are drawn by the EBL and developed by MiBK 

and IPA with the same condition (figure 3.1(d)). The substrate with the patterns is put in the 

chamber for deposition with the thickness of Ti/Au (5/120 nm). Fine and sharp electrodes are 

obtained after removing all remaining resists by using acetone (figure 3.1(e)). Finally, the 

ultrathin-layer of Nb-doped MoS2 is transferred onto electrodes (figure 3.1(f)).  

 

 

 

 

 

 

 

 

3.3 Fabrication the patterns of markers  

3.3.1 Preparation of clean substrates 

The heavily doped n-type Si/(100nm SiO2) substrates with 2 cm × 2 cm in size were cut by 

diamond pen from the commercial 4-inch n-type SiO2/Si wafer. Then these substrates were 

cleaned in sequence by acetone in 5 mins, IPA in 2 mins, and deionized water in 5 mins with 

ultrasonic. After that, they were dried by the strong flow of N2 gas. Finally, the remaining 

organic contaminants on the substrates were removed by O2 plasma ashing (15 W, O2 flowing 

rate 30 sccm, 5 mins). 

20 Figure 3.1 Schematic structure of the device for measurement of  and S. 
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3.3.2 Spin coating and electron beam lithography  

In principle, EBL is operated by using the focused beam of electrons generated from a 

scanning electron microscope (SEM) to scan and break cross-links in a resist layers covering 

on top of the substrate in the desired patterns. Then the exposed areas of resists are removed 

by using developers. In my experiment, the pre-cleaned Si substrates were coated with MMA 

8.5 MAA EL9 and copolymer and PMMA in sequence by using pipettes. The substrates were 

spin-coated at 4000 rpm for 60 s [69] and then annealed for 5 mins on a hot plate at 180 ºC to 

evaporate the remaining solvents. After cooling down for 60 s, the thickness of MMA/PMMA 

was about 350 nm/150 nm.  

 

 

 

 

 

 

 

To give the periodic matrix of markers with each field 500 m x 500 m in the area, the 

patterns were designed by using Design AutoCAD LT software. For making a good 

alignment and reducing error, the size of the marker was 08.µm x 3.2 µm and the distance 

between two successive markers was 50 m. When the design was complete, the focused 

beam of electrons from the EBL was used to draw the patterns in the resist. To make sure that 

the exposed resist was not under/overdeveloped, the exposure did have to be controlled 

carefully. For the resist coating utilized in this research, the optimal dose time and electron 

currents were 5s and a 150pA.  

After that, the exposed patterns were developed by the solution of MiBK and IPA with 

ratio 1:1 in 60 s and rinsed by IPA in 30 s followed by the slow flow of N2 gas for drying. To 

0.5 m 

21Figure 3.2 Schematic and experimental images for EBL and development.  

(a) MMA/PMMA are spin-coated on substrate. (b) Undercut after development.  

(c) SEM for undercut observation. 
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remove the remaining exposed resists on the drawn patterns O2 plasma ashing (15 W, O2 

flowing rate 30 sccm, 5 min) was used. The process is illustrated in figure 3.2. The fine and 

sharp undercut of the drawn patterns checked by optical microscopy and SEM confirms the 

success of the development. The EBL instrument used in this work is ELIONIX ELS 3700 

EBL available at clean room 6 (CR6), Center for Nano Materials and Technology (CNMT), 

School of Materials Science, JAIST. 

3.3.3 Deposition and lift-off 

 Ti/Au metals deposited on the patterned Si substrates were carried out using a thermal 

deposition system, in which the resistive heating was used to evaporate the atoms of deposited 

metals from a solid source. These evaporated atoms travelled across the high vacuum 

chamber and deposited on the substrate, which was connected to a water-cooled plate. 

Multiple metals with 5nm Ti/30nm Au were deposited sequentially as figured out in figure 

3.3(a). The role of Ti is to make a good adhesive on the SiO2/Si substrate, meanwhile, Au is 

used for these markers because it is chemically stable in air. Furthermore, the discrepancy in 

atomic number between Au and SiO2 produces high enough contrast for us to observe clearly 

the markers under the resists [70]. This is also important for alignment when using EBL to 

draw exactly the position of the expected patterns on the substrates.  

After the metals were deposited, the resists and the extra metals were removed. The lift-off 

process was completed in the following steps. First, the device was submerged in hot acetone 

(60
o 
C) for 1 h to dissolve the resists MMA/PMMA and break up the surface of the undesired 

metals. The ultrasonic was then used for 30 s to remove all unexpected resists remaining on 

the substrate, leaving only the patterned metals on the surface. After that, the substrate with 

markers was put into IPA with ultrasonic in 2 mins to remove acetone. Next, deionized water 

was utilized to remove IPA in 5 mins. The substrate was dried by a strong flow of N2 gas. 

Finally, the organic contaminants on the substrate were removed by using O2 plasma ashing 



26 

 

(30 W, O2 flowing rate 30 sccm, 5 mins). The images of SEM for observation the deposited 

metals and experimental markers after lift-off are shown in figure 3.3(b) and figure 3.3 (c). 

 

 

 

 

 

3.4 Fabrication of electrodes for transferring ultrathin layers 

From the substrate with the pre-marker patterns, electrodes were fabricated with two times of 

using EBL for alignment. First, repeating the optimal conditions mentioned above from spin 

coating to development, we drew the two small rectangular patterns with the size 1µm in 

width and 2 µm in length. The black ground colour in figure 3.4(a) confirms the real surface 

of the SiO2 layer. Then the substrate was submerged into buffered hydrofluoric acid (BHF) 

solution 16.6% in 80 s and rinsed by DI water to totally etch and remove the SiO2 area with 

100 µm in thickness under the exposed patterns as shown in figure 3.4(b). In my experiment, 

the white colour of the etched areas indicated that the wet etching was successful (figure 

3.4(c)).     

 

 

 

 

 

(a) (b) (c) 

0.5 m 

20 m 

22Figure 3.3 Schematic and experimental images for deposition and lift-off. (a) Ti/Au 

deposited on the exposed area. (b) SEM for observation the deposited metals.              

(c) Experimental markers after lift-off. 

23Figure 3.4 Schematic and experimental images for etching by using BHF. (a) Exposed area 

after development. (b) Exposed area after etching. (c) Experimental area after etching. 
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The substrate was drawn by using EBL for the second time to expose the electrode 

patterns. After developing, an optical microscopy was used to check the sharpness of the 

patterns and the connection between the etched areas and electrodes. Good alignment 

confirms the continuity between the etched areas and electrodes (figure 3.5(a)). Before 

carrying out the thermal deposition, wet etching by using important BHF solution 16.6% was 

conducted to remove the thin layer of SiO2 because of oxidization when putting the substrate 

in air. However, the time for etching was just 3s to ensure only SiO2 layer in the rectangular 

area exposed in the first exposure to be removed totally. Next, the substrate with the patterns 

was put in the chamber for thermal deposition. The thickness of the deposited metals depends 

on the aim of fabrication of the supported layer or suspended layer. For the first time, we 

fabricated the supporting layer and thus 5nm Ti/120 nm Au metals were deposited on SiO2/Si 

substrate. The fine and sharp undercut of the drawn patterns checked by using optical 

microscopy confirms the success of development and lift-off process (figure 3.5(b)). 

  

 

 

 

 

 

 

By fabrication of these heaters with long length and parallel of heater bars, it is believed 

that temperature gradient through thermometers and sample is nearly uniform. 

3.5 Mechanical exfoliation of ultrathin layers and transferring 

3.5.1 Checking the electrical status of electrodes 

Before transferring the ultrathin layers onto electrodes, the below steps were paid carefully. 

Firstly, to check the possibility of leakage current between electrodes, a voltage up to 0.5 V 

24Figure 3.5 Optical images of (a) drawn patterns after development and  

(b) electrodes after lift- off process.  

(a) (b) 

20 m 
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was applied between any couple of electrodes to measure the leakage current. The results 

showing the ten fA order of currents confirm no leakage current in these electrodes, as 

illustrated in figure 3.6 for the case of sample # 1. Secondly, the electrical contacts between 

electrodes 5 and Si substrate, electrode 6 and Si substrate, respectively, were checked by 

measuring the IV characteristics. In spite of the Schottky barrier between deposited metal Ti 

and Si substrate, the results presented in figure 3.7 for these samples display the success of 

etching for making these electrical contacts. This is because the measurement of S does not need 

the induction of external current, it means open circuit configuration. Finally, any contaminants on 

the surface of Au electrodes were removed by O2 plasma ashing (15 W, O2 flowing rate 30 sccm, 5 

min) to increase the electrical contact between sample and Au electrodes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

25Figure 3.6 Leakage current in sample # 1. 

26Figure 3.7 IV characteristics between electrodes 5 and 6 for the samples # 1 and # 2. 
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3.5.2 Preparation of ultrathin layers and transferring  

To transfer ultrathin layers onto electrodes, we used the 2D Hetero-transfer system in Mizuta 

Lab (figure 3.8) called “The Apollo System”. The schematic diagram for isolating ultrathin 

layers is described in figure 3.9.  

First, a pre-cleaned Si substrate with clear markers was covered by soluble water layer – 

Polyvinyl Alcohol (PVA). Next, the second layer of PMMA was spin coated. Both layers 

were spun at 5000 rpm in 60 s. Then the Si substrate was baked at 110 
0
C for 2 mins. After 

that, thin flake obtained from mechanical exfoliation was transferred onto PMMA layer and 

peeled off.   

 

 

 

 

 

 

 

 

 

 

 

From the observation of the flake’s colour, ultrathin layers on PMMA were collected. 

After that, the substrate with the ultrathin layers was submerged in hot water to dissolve the 

PVA layer. The PMMA layer with targeted flakes was then floated on the hot water. Next, a 

metal slide was used to select the PMMA layer containing the sample and put in the oven for 

drying.  

27Figure 3.8 The Apollo System for transferring ultrathin layer onto electrodes. 
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29Figure 3.10 Optical images of (a) sample # 1 (b) sample # 2. 

30Figure 3.11 Leakage current in sample # 1 when applying a DC 

current 35 mA in the heater.  

28Figure 3.9 The schematic diagram for isolating the ultrathin layers. 
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Samples on the PMMA layers were transferred onto target electrodes by using the Apollo 

system. The substrates with samples were immersed for 30 mins in hot acetone (60
0
C) to 

dissolve PMMA. Finally, the substrates were put on a hot plate (100 
0
C) in 10 mins for drying. 

Figure 3.10 indicates the success of transferring ultrathin layers onto electrodes.  

In the measurement of S of these samples, when a current is applied to the heater to 

generate gradient temperature, it can cause the leakage current through the heater to 

electrodes. Therefore, I checked the leakage current in each electrode by applying a DC 

current up to 35 mA to the heater. The results indicate that the leakage current with pA order 

is negligible. Figure 3.11 shows the case of sample # 1with a few pA.       

According to this scheme, the resistance of the sample is measured by using four-probe 

method, with 4 electrodes 1, 2, 3 and 4 by applying a DC current through electrodes 1 and 4 

then measuring the voltage between electrodes 2 and 3 in open circuit configuration [46, 71]. 

The two electrodes 6 and 5 connected to Si substrate are used as thermometers. To measure S 

of the sample, a current is applied to the heater. The temperature gradient is generated and 

results in the thermally induced voltage between each couple of electrodes 2 and 3, 6 and 5, 

respectively. The geometry of the heater and the parallel bar electrodes suggest that the 

temperature difference T between electrodes 2 and 3 is similar to that TSi between 

electrodes 6 and 5. As a result, the thermal voltage induced Vs between electrodes 2 and 3, 

and VSi between electrodes 6 and 5 are created, respectively. When the Seebeck coefficient 

of the Si substrate SSi is measured from PPMS, T23 is determined as bellow  

𝑆Si = −
∆𝑉Si

∆𝑇Si   

 
 ∆𝑇Si = −

∆𝑉Si

𝑆Si
   T

 

Linear fit from the plotting the relationship between Vs and temperature difference T, S 

of the sample will be deduced experimentally. 
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3.6 Device fabrication for measurement of the temperature dependence of S of 

the heavily doped n-type silicon wafer 

To measure the temperature dependence of S of the heavily doped n-type silicon wafer that 

was used for the substrate of the sample, I used Physical Property Measurement System 

Thermal Transport Option (PPMS TTO) [72]. The design of the sample is shown in figure 

3.12. Here, the two-probe method was applied to measure both the Seebeck voltage and the 

temperature difference. So, it is important to minimize electrical and thermal resistance at the 

interface between the leads and the sample. From the design requirement, I fabricated the 

sample as shown in figure 3.13.  

 

 

 

 

 

 

 

 

 

 

In this device, the measured total resistance of sample about 3  is small enough for 

reducing the effect of the contact resistance. To fabricate this device, I first cut the heavily 

doped n-type 100 nm SiO2/Si wafer, which was also used for the substrate in fabricating the 

31Figure 3.12 The design of device for S measurement. 

32Figure 3.13 Experimental device for S measurement. 
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devices of ultrathin layers, with the size 10 mm in length, 2 mm in width, and 500 m in 

thickness. Then I polished all its edges by using the rough paper to remove the SiO2 insulation 

layer. After that, the Si ingot was tightened by Cu wire and outer covered by Au. Next, I 

covered the tightened areas by Au paste and Ag paste in sequence to increase thermal and 

electrical conductivity and adhesion. Then the sample was put on the hot plate (100 
0
C) in 10 

minutes for making the mechanical strength of the adhesion. Finally, the sample was installed 

in TTO puck (figure 3.14). 

 

 

 

 

 

 

 

 

 

3.7 Simulation of the temperature profile 

According to the fabricated devices (figure 3.10), my samples were placed on the metal 

electrodes deposited on SiO2/Si substrate. As discussed in the previous section, the metal lines 

2 and 6, 3 and 5 surrounding the sample parallel to the long metal lines forming the heating 

structure. This supposes that the temperature difference between electrodes 2 and 3 is similar 

to that between electrodes 6 and 5. Moreover, because of the very much higher thermal 

conductance of the large Si substrate compared to that of the thin SiO2 layer (d ~ 100 nm) and 

deposited metals, the heat dissipation in the Si substrate is dominated to generate the 

temperature gradient when applying the heating current. This means that the sample’s 

33Figure 3.14 Optical image of TTO puck. 
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temperature is isothermal with that of the substrate despite the presence of metal lines and the 

SiO2 layer. To support this proposal, I have carried out the simulation of the temperature 

profile, time-evolution of temperature difference, and the discrepancy between the sample and 

thermometer measurement points by using finite-element-method software Flow 3D 

(http://www.flow3d.co.jp/). My simulated model consists of corresponding parameters of the 

sample # 1, in which the rectangular heating structure and parallel electrodes all were formed 

by Au metal and deposited on the 100 nm SiO2/Si substrate. Their size and position are 

figured out in figure 3.15. Here, I used conventional thermal quantities for gold, silicon and 

SiO2. I assume that the sample thermal conductivity is 1.5 WK
-1

m
-1

 because the 

nanostructured MoS2 value is unknown. The uncertainty did not give significant changes to 

the results, because the sample size is smaller than the whole device size. Figure 3.16 shows 

the constant-temperature line profile surrounding electrodes with the interval of lines 0.5 K. 

The constant-temperature lines indicate pseudo-spherical profile around the rectangular 

heater. The patterns neighboring the potential electrodes and thermometers are smooth 

compared with those near the heater. Figures 3.17 indicates the definition of the temperatures; 

T2, T1 are the temperatures of the sample above electrodes 2 and 3; T4, T3 are the temperatures 

at Au electrodes 6 and 5; T6, T5 are the temperatures of the Si surface beneath electrodes 6 and 

5; and T8, T7 are the temperatures of the Si surface beneath electrodes 2 and 3. All 

temperatures reached the steady state after 800 sec. When the heater power is 70 mW, the 

temperature difference between these electrodes (T2 - T1 and T6 - T5) is about 1.3 K at the 

steady state. Figure 3.18 shows the time-evolution of temperatures between the two 

significant points. At this state, the temperature difference in the sample T2 - T1 is 1.37 K, 

meanwhile, the temperature difference of the thermometers which are the junctions of silicon 

surface (T6 - T5 = 1.24 K) and Au electrodes (T4 - T3 = 1.27 K) is 1.255 K. This small 

discrepancy of 1.37 K and 1.255 K has the possibility to produce an error of 8% for S 

measurement. The thermal resistance between the sample and the electrode interface is 

http://www.flow3d.co.jp/
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ignored in this simulation. If the thermal resistance of the two interfaces is the same, the effect 

will be cancelled by determining the temperature difference.  

34Figure 3.15 The simulated device based on the real device using Flow 3D simulation model. 
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4
: The temperature at electrodes 5 and 6. T

1
, T

2
: The temperature of the sample 

above the electrodes 3 and 2. 

“Y = 5.0” of the XZ cross 

section 
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5
, T

6
: The temperature at the Si 

surface beneath electrodes 5 and 6. 
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Si  

SiO2  

Au  

“Y = -0.5” of the XZ cross 

section 
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8
: The temperature at the Si 

surface beneath electrode 3 and 2. 

35 Figure 3.16 The temperature distribution surrounding Au electrodes and the sample. 

36 Figure 3.17 The temperature measurement points on the device 



37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 shows the sectional view of the simulated temperature profile. Because the 

intersection of constant-temperature lines is 0.5 K, I cannot see the difference of 0.005 K or 

0.03 K. The constant-temperature lines show a semi-spherical shape in the Si substrate. I can 

find the effect of the SiO2 layer in the magnification picture. The bending of the line can be 

observed at the SiO2/Si interface at the bottom of the heater. The reason of this bending is the 

extreme temperature gradient between the high-temperature heater and Si substrate, even in 

the thin 100 nm thickness. On the other hand, the lines are smooth around the bottom of the 

sample and electrodes, because of the comparatively gentle slope of the temperature gradient. 
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37 Figure 3.18 Time-evolution of temperatures between 

the two significant points. 

38 Figure 3.19 The sectional view of the simulated temperature profile. 
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3.8 Conclusion 

In summary, two devices of ultrathin layers of Nb-doped MoS2 have been designed and 

fabricated successfully. This type of structure has been suitable for measuring electrical 

resistivity  by two-probe and four-probe methods and the Seebeck coefficient S. Sharp and 

fine electrodes, and the negligible leakage currents in these devices were checked carefully to 

confirm the success of fabrication. Electrical contacts between electrodes 5 and 6 with the Si 

substrate play the role as thermometers for determining the temperature difference in the 

sample. This device structure is also supported by the simulation of the temperature profile. 

Furthermore, the device of the Si substrate has been prepared productively for 

measurement of its Seebeck coefficient by using PPMS that supports the measurement of S of 

samples. The measurement of  and S is conducted in the next chapter.  
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Chapter 4 

4 Results and Discussion 

4.1 Introduction 

In this chapter, I report on the investigation into the TE properties and effects of Nb dopants 

on TE transport of two ultrathin layers of Nb-doped MoS2 based on the measurement of the 

temperature dependence of their electrical resistivity  and the Seebeck coefficient S within 

the range from 300K to 450 K. I used both two-probe and four-probe methods to measure the 

contact resistance and sample resistance. The decrease of  with rising temperature indicates 

the semiconducting behaviour of these ultrathin layers.  decreases with increasing 

temperature because of the weak localization and carrier scattering of the conduction carriers 

by random potential originated from stacking faults and edge roughness. 

In the measurement of S, I first measured S of the Si substrate by using PPMS. The result 

supported the reference to the temperature difference between electrodes 6 and 5, that are 

played as the thermometers (figure 3.10), after measuring the Seebeck voltage of the Si 

substrate produced by this temperature difference. From the device fabrication, S of the 

sample was then deduced from the ratio of the Seebeck voltage induced by the temperature 

difference between electrodes 2 and 3 to the temperature difference between electrodes 6 and 

5. The positive sign of S does not change with the layer thickness. Moreover, the increase of S 

with rising temperature supposes the p-type degenerate semiconducting behaviour of these 

ultrathin layers. The experimental results are also consistent with DFT calculation for DOS of 

pristine MoS2 and Nb-doped MoS2 monolayers.  

4.2 Measurement of S of heavily doped n-type Si  

I measured the temperature dependence of S of heavily doped n-type Si wafer by using PPMS 

in the chosen temperature range from 240K to 340 K as plotted in figure 4.1. The negative 
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value of S confirms that electrons are responsible for charge transport heavily doped n-type 

Si. Also, the enhancement of this absolute value with increasing temperature figures out the 

degenerate semiconducting behavior of heavily doped Si [73, 74]. Because of the maximum 

temperature in PPMS measurement just about 340K, to measure S at the higher temperature, I 

applied the extrapolation of the linear temperature dependence of S on the temperature region 

from 240 K to 340 K. The formula was deduced as below  

SSi(T) = - 0.628T – 33                      (4-1) 

Based on the equation (4-1), I extrapolated the value of S at the temperatures higher than 

340 K. All the measured values are shown in table 4.1. These values are consistent with those 

of heavily doped semiconductors [75, 76] and the foundation for estimating S in ultrathin. 

These values are also consistent with those of layers of Nb-doped MoS2 mentioned later.
 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3 Measurement of  and S of ultrathin layers 

I used the system called Keithley 4200 CSC in Mizuta Lab with the vacuum system and 

heater power to measure the temperature dependence of  and S of samples  1 (figure 

3.10(a)) and  2 (figure 3.10(b)) between electrodes 2 and 3.   

Table 4.1  Temperature dependence of S of heavily doped Si 

300 (K) -220.2  1.3 (V/K) 

315 -229.7  1.4 

330 -240.2  1.4 

360 -259.1 

375 -268.5 

390 -277.9 

420 -296.8 

450 -315.6 
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4.3.1 Measurement of  

Electrical and TE transport measurements of my devices were performed in an evacuated 

cryostat, with pressure around 10
-5

 mbar. The IV characteristic of my samples between 

electrodes 2 and 3 was investigated from 300 K to 450 K. I first measured  of sample  1 

with 4.5 nm in thickness (figure 3.10(a)) and sample  2 with 8 nm in thickness (figure 

3.10(b)). I then checked the IV characteristics of these samples by the two-probe and four-

probe method. The linear dependence of the IV characteristics of two methods and the overlap 

between them suggests the ohmic contact between the samples and electrodes. For instance, 

figure 4.2 shows the data of sample # 1.  

Applying the linear curve of the IV characteristics measured by the four-probe method, the 

temperature dependence of sample resistance was interpolated. Then I estimated  after 

measuring the size of the samples by using AFM. Figure 4.3 indicates the 3D image, the 

length and the width of sample # 1. Its thickness about 4.5 nm is shown in figure 4.4. The 

temperature dependence of  is displayed in table 4.2. 

The temperature dependence of  of sample  1 plotted in figure 4.5 shows the 

semiconducting behaviour because  decreases with rising temperature.  

39 Figure 4.2 Temperature dependence of S of heavily doped n-type Si. 
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Table 4.2.  Temperature dependence of  of sample  1 

T(K)  (mm)                                             

300 1.01  0.15 

330 0.95  0.16 

360 0.87  0.17 

390 0.82  0.18 

420 0.76  0.19 

450 0.72  0.17 

(a) (b) 

(a) (b) 

41 Figure 4.4 (a) Two-probe IV characteristics and (b) overlap of IV characteristics 

between two-probe and four-probe methods of sample  1. 

43Figure 4.6 (a) 3D image and (b) measurement of the length and the width of 

sample  1 by using AFM. 
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Table 4.3. Temperature dependence of  of sample  2 

T(K)  (mm) 

300 2.24  0.25 

315 2.16  0.25  

335 2.08  0.26 

355 1.84  0.27 

375 1.67  0.24 

45 Figure  4.4 Thickness measurement of sample  1 by using AFM. 

46 Figure 4.5 Temperature dependence of  of sample  1. 
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The temperature dependence of  of sample  1 plotted in figure 4.5 shows the 

semiconducting behaviour because  decreases with rising temperature.  

Similarity, I evaluated  of sample  2 after measuring its thickness about 8 nm by using 

AFM (figure 4.6) and its length and width by using SEM (figure 4.7). The temperature 

dependence of  is displayed in table 4.3 and figure 4.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar to the sample  1, sample  2 also shows the semiconducting behaviour. It is noted 

that the SEM was carried out after measurement of S to avoid the effects of the electron beam 

of SEM on electrical properties of my samples.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

47Figure  4.6. Thickness measurement of sample  2 by using AFM. 

48Figure 4.7 SEM image of sample  2. 

8 nm 



45 

 

Furthermore, I measured  and S of the single crystal bulk Mo0.97Nb0.03S2, whose size is 

3.6 x 1.8 x 0.1 mm
3
 by using Agilent 34420A lock-in amplifier and Keithley 2182A 

nanovoltmeter, these values are   = 120 µ.m, and S = 114 µV/K at 300 K, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Measurement of the Seebeck coefficient S   

After measuring the electrical characterization, the Seebeck effect measurement was carried 

out. Here I reported on the temperature dependence of the Seebeck coefficient S of sample  1 

from 300 K to 450 K, and that of sample  2 from 300 K to 375 K. To measure S, a direct 

current was driven through the heater to create a temperature gradient over sample due to 

Joule heating. The temperature gradient across electrodes resulted in the Seebeck voltages V, 

VSi on the sample and the Si substrate between the two couples of electrodes 2 and 3, 6 and 

5, respectively. The temperature gradient △T  △TSi across the relevant area was suggested in 

the previous chapter. S of the sample is, therefore, given by S = -△V/△T. 

The detailed measurements were carried out as follows. First, a zero current was applied to 

the heater. The electromotive forces between electrodes 6 and 5 and that between electrodes 2 

and 3 were detected in open-circuit configuration. There are the offset values coming from 

offset currents that were determined from the previous chapter and large impedance of the 

49Figure 4.8 Temperature dependence of  of sample  2. 
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machine. Repeating the measurement with increasing heater currents at 10 mA, 15 mA, 20 

mA and 25 mA, I obtained the values of the electromotive force of Si and that of the sample 

depending on the square of heater current. To deduce the Seebeck voltage of the sample and 

Si, I calculated the mean values of the offset voltage of the sample and Si with 140 V and 95 

V, respectively. Then I determined the Seebeck voltages of the Si substrate and that of the 

sample at different heater currents by subtracting the measured voltage from the offset value, 

respectively. The Seebeck voltages of Si and that of sample linearly increase with increasing 

square of the heater current.  

Because the temperature differences created between electrodes 2 and 3 and between 

electrodes 6 and 5 are linear with the heater power, this results in a linear dependence of the 

Seebeck voltage on the temperature difference. Figure 4.9 shows the linear relationship 

between the Seebeck voltage of Si and that of sample with increasing heater current. This 

means that the Seebeck effect is effective for both Si and sample. The difference temperature 

△TSi was deduced from the formula △TSi = -△VSi/SSi, in which SSi was experimental calculated 

by PPMS. Next, I plotted the dependence of the Seebeck voltage of sample V on the 

temperature difference T  TSi, for example, S of sample # 1 approximated about 128  11 

µV/K was interpolated linearly at room temperature, as seen in figure 4.9. The positive value 

of S confirms that sample displays the p-type semiconducting behavior.  

I also measured temperature dependence of thermal conductivity  of heavy doped n-type 

silicon substrate used by using PPMS at the same time with S measurement. The experimental 

data as plotted in figure 4.10 indicate that  is about 145Wm
-1

K
-1

 at 300 K with the error 

about 5 ~ 10%. This estimated value is much larger than that of the thin layer of SiO2 

(𝜅SiO2
~1.1 WK

-1
m

-1
[77]) and the deposited metal lines, the heat dissipation in the Si substrate 

dominates for generating the temperature gradient. This supposes that the sample’s 

temperature is isothermal with that of the Si substrate. 
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Repeating the same process for higher temperatures up to 450 K, I evaluated S of the 

sample #1. The results confirm the linearity between V with T for all measurements at 

different temperatures as shown in figure 4.11. The temperature dependence of S plotted in 

figure 4.12 indicates that this quantity increases with rising temperature. 

300 K 330 K 

360 K 390 K 

420 K 450 K 

50Figure  4.9 The relationship between the Seebeck voltages of sample  1 and that of 

the Si substrate at different temperatures. 
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51Figure 4.10 Temperature dependence of thermal conductivity 

of heavy doped n-type Si substrate used. 

52Figure 4.11 Linear relationship between the TE voltage between electrodes 2–3 and   

the temperature difference measured at electrodes 6–5 at 300 K of sample  1. 

53Figure 4.12 Temperature dependence of S of sample  1 
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Similarity, I measured S from 300 K to 375 K with the same condition, for sample  2. The 

relationship between the Seebeck voltage of the sample with that of the Si was plotted in 

figure 4.13. The temperature dependence of S shown in figure 4.14 also indicates the p-type 

semiconducting behavior of the sample. 

54Figure 4.13 Relationship between the Seebeck voltages of sample  2 and that of the 

Si substrate at different temperatures. 
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Furthermore, I also confirmed the p-type semiconducting behaviour of ultrathin layers Nb-

doped MoS2 by applying a back-gate voltage VBG. The current IDS versus VBG curves were 

obtained for different values of back gate voltage when maintaining a constant drain-source 

voltage corresponding to 0.2, 0.4, 0.6, 0.8 and 1 V. As shown clearly in figure 4.15, a more 

negative back-gate voltage leads to a higher drain current, as it would be expected from a p-

type doped semiconductor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

55Figure  4.14 Temperature dependence of S of sample  2. 

56 Figure 4.15 Gate voltage dependence of channel current of 

sample  1 at a bias voltage from 0 to 1V. 
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4.4 Discussion 
 

Figure 4.16 displays the temperature dependence of  of two ultrathin layers  1 and  2 with 

thicknes of 4.5 nm and 8 nm, respectively, and a bulk sample at 300 K. The concomitant 

decrease in  with increasing temperature indicates the semiconducting-like behavior of two 

thin samples. Compared with the bulk sample with  = 120 m at 300 K,  of thin samples 

is approximately one order larger. This large increase is understood by the carrier localization 

effect and carrier scattering of the conduction carriers, as explained below. 

The temperature dependence of  for the two ultrathin samples strongly suggests that the 

Nb-doped MoS2 ultrathin layer is not a simple semiconductor because the Arrhenius plot of 

the -T curve does not follow linear dependence. The conduction carrier system in these 

samples is considered reasonably as near-2D systems with disorder perturbation. 

 

 

 

 

 

 

 

 

 

I have considered the models related to the disorder 2D systems, such as variable–range 

hoping [41, 78], ionized impurity scattering [79], and weak localization [80-82]. In the case of 

variable–range hoping conduction, the temperature dependence of  is given by [80]  

𝜌 = 𝜌𝑜𝑒𝑥𝑝 (
𝑇𝑜

𝑇
)

1

𝑑+1
                    (4-2) 

57 Figure 4.16 The temperature dependence of  of two thin samples and bulk at 300 K. 
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where o stands for temperature independent constant, To denotes the characteristic hopping 

energy, and d is the dimension of the electronic system. Furthermore, d = 1, 2, and 3 

corresponding to 1, 2, and 3 dimension in sequence. The ln - 1/T
d +1 

plots of the data portray 

an unusually large value of To ( 𝑘B𝑇0 ≈ 1𝑒𝑉 ). This result suggests the possibility that 

variable–range hoping conduction is inappropriate. 

Regarding ionized impurity scattering, E. Conwell and V.F. Weisskopp [79] evaluated the 

temperature dependence of   as  

𝜌 = 2.11 × 102𝜀−2𝑇−3/2ln{1 + 36𝜀2𝑑ion
2  (𝑘𝑇)2𝑞−4}         (4-3) 

where, dion is the half of average distance between impurity ions, q is the hole charged carrier 

and 𝜀 is the dielectric constant of the semiconductor. This indicates that  due to ionized 

impurity scattering is affected strongly by 𝑇−3/2. However, this possibility is rejected by the 

plot of experimental points.  

The weak localization is most suitable for explaining the obtained results. In that case, 

there are states localized in a tail of the valence band above Fermi level because of the 

random potential (figure 4.17). The carrier localization has been observed in highly 

disordered graphene even at room temperature [83, 84]. In my samples, the random potential 

is the result of the highly disordered system because of Nb substitution, surface defects, and 

edge roughness. Applying weak localization theory based on Anderson’s prediction [80-82]
 

the linear dependence of electrical conductivity 𝜎 with lnT is described as 

𝜎 = 𝑐𝑜𝑛𝑠𝑡 + (𝐶𝑒2/2π2ℏ) ln𝑇       (4.4) 

where, e represents the charge of an electron, ℏ denotes the reduced Planck’s constant, and T 

signifies the temperature. The inset of figure 4.16 presents the 𝜎- lnT plot of the  - T curves. 

These data exhibit good 𝜎 - lnT dependence. This result suggests that the dominant carrier 

conduction mechanism is weak localization. Basically, electrical conductivity consists of the 

contribution of weak localization conduction and Drude conduction. In the ground state of 
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low dimensional (1D or 2D) electron systems, carrier localization state is dominant compared 

to the Drude conduction by the random potential. With rising temperature, the localized states 

are broken by thermal excitation of kBT, simultaneously, the electron-phonon scattering 

suppresses the Drude term. At the higher temperatures like my case, the localization will 

become weaker and Drude conduction may be dominant. I cannot estimate the ratio of 

localization and Drude conduction in the current work. In order to evaluate the contribution of 

weak localization, magnetoresistance measurement at low temperature is effective. If weak 

localization is dominant, large negative-magnetoresistance will be observer by the breaking of 

localization bound state. 

 

 

 

 

 

 

 

 

 

 

In my sample, the random potential is the result of the highly disordered system because 

of Nb substitution, surface defects, and edge roughness. With rising temperature, the thermal 

excitation energy makes these localized states become the conducting carriers leading to an 

increase in electrical conductivity. One can reasonably infer that the difference between 

sample  1 and sample  2 might include different random potentials.  of the thin sample is 

less than that of the thick sample, which suggests that the strength of localization of sample  

58Figure 4.17 DOS consisting of weak (Anderson) localized- states (shaded 

region). EF is Fermi level, EV is mobility edge. 
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1 is less than that of sample  2. The probable localization center might be stacking fault or 

edge roughness, rather than surface scattering or a substrate effect. 

Plotted in figure 4.18 is the temperature dependence of the Seebeck coefficient S of the two 

ultrathin layers and the bulk sample. At 300 K, S of the bulk Nb-doped MoS2 is not so much 

different compared to that of ultrathin layers. Based on the Boltzmann theory, S and electrical 

conductivity  are given as [85] 

𝑆 = −
1

e𝑇

𝐾1

𝐾0
,                           (4-5)   

𝜎 = e2𝐾0,                              (4-6)                  

where, Ko, K1 are defined from the transport coefficient expressed as 

  𝐾𝑛 =
2

ℎ
∫ Σ(𝐸, 𝑇)(𝐸 − 𝐸F)𝑛 (−

𝜕𝑓FD

𝜕𝐸
) 𝑑𝐸,     (4-7) 

where, Σ(𝐸, 𝑇) is the spectral conductivity, E denotes the energy, EF is the Fermi level, fFD is 

the Fermi–Dirac distribution function, e is the elementary charge, and T is the electronic 

temperature. The spectral conductivity Σ(𝐸, 𝑇) will show a dramatic change if the carrier 

conduction is changed for some reasons.  

According to Boltzmann theory, the electrical conductivity is determined from the spectral 

conductivity averaged over the very narrow energy range of a few kBT in width centered at 

the Fermi level. In ultrathin layers, the localized density of states around the Fermi level due 

to weak localization become significantly. Moreover, the surface scattering increases in thin 

samples. Because Σ(𝐸, 𝑇) consists of the terms of carrier filling in the DOS and relaxation 

time of carrier scattering, these two factors result in the decrease of electrical conductivity in 

ultrathin sample compared with that of the bulk sample. In the case of S, the modulation of 

Σ(𝐸, 𝑇) by localization effect includes both Ko and K1. The effect of Σ(𝐸, 𝑇) will be cancelled 

by K1/Ko if the energy dependence of Σ(𝐸, 𝑇) is not so strong in the range of a few kBT around 

EF. It is consistent with the experimentally obtained result that the obtained S is independent 

of the thickness, even in a weak localization state.   
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The slope of S for both thin samples increases with rising temperature. The slope of the S-T 

curve from 300 K to 400 K is about 0.6 V/K
2
. In general, S consists of two fundamentally 

independent contributions S = Sd +Sp, where Sd presents the diffusion term and Sp denotes the 

phonon-drag effect [86]. For the measured temperature region, the phonon-drag effect is 

negligible because the Debye temperature of MoS2 is lower than 600 K [87]. The diffusion 

Seebeck coefficient describes the diffusive motion of the charge carrier under the thermal 

gradient. The diffusive Seebeck coefficient for the carriers is roughly approximated by the 

Mott relation for a degenerate semiconductor as [23, 86]  

𝑆d =  
π2

3

𝑘B

q
𝑘B𝑇 {

d[ln (𝜎(𝐸))]

d𝐸
}|

𝐸=𝐸F

              (4-7) 

where kB represents the Boltzmann’s constant, T stands for the temperature, and the derivative 

is evaluated at the EF. Within this approximation, the expression shows the roughly linear 

dependence of Sd on T, corresponding to the experimentally obtained result portrayed in 

figure 4.18. The equation (6) is reduced as shown below  

𝑆d = 𝛾 
π2

3

𝑘B

𝑞

𝑘B𝑇

𝐸F
                               (4-8) 

That equation is obtained by assuming that  = C, where C is a constant and  is the 

59Figure 4.18 Temperature dependence of S of two thin samples, and bulk at 300 K. 
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dimensionless parameter characterizing each scattering process, as in the acoustic phonon 

scattering case  = -1/2 [88]. Using equation (4-8) and the slope of S – T curve in figure 4.19, 

the roughly estimated value of EF of the ultrathin layer Nb-doped MoS2 is about  30 meV. 

This value is comparable to the kBT  26 meV to 39 meV, corresponding to thermal energy at 

300 K and 450 K; it is not contradictory to the degenerate condition of conduction carriers. 

 

 

 

 

 

 

 

 

 

 

 

 

To support the explanation of the physical mechanism for electrical and TE transport in the 

MoS2 and Nb-doped MoS2 ultrathin layers, I performed first-principles calculations. A 

hexagonal monolayer MoS2 6  6 supercell (figure 4.19 (a)) with a = b = 1.897 nm, c = 3 nm, 

 =  = 90
0
, and  = 120

0
 was used for the calculations. The large supercell was employed to 

prevent the interaction between MoS2 layers, and between doped size and their periodic 

images. Nb-doped MoS2 supercell is built by replacing the Mo atom at the center of the MoS2 

60Figure 4.19 DOS for  a 6 × 6 pristine MoS2 supercell (black line) and  a 6 × 6 MoS2 supercell in  

which one Mo atom is replaced by a Nb (red line). The vertical dashed line shows the Fermi level. 
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supercell by a Nb atom. All configurations were relaxed to reach minimum-energy structures. 

DFT calculations [89, 90] were used for calculation. The generalized gradient approximation 

functional in Perdew-Wang 91 (PW91) [91] form for the exchange-correlation and double 

numerical plus polarization basis set [92] were used. A 4  4  2 Monkhorst-Pack grid of k-

points was employed for the Brillouin-zone integrations. All calculations were performed 

using Dmol
3
 code [93]. The DOS was calculated by Gaussian broadening with the width of 50 

meV.  

Figure 4.19(b) presents the DOS of the mother material MoS2 monolayer (black line). The 

DOS demonstrates a clear band gap Eg about 1.6 eV; it is corresponding to the reported results 

[94, 95]. It is noteworthy that the Fermi level is located at the top of valence band, not the 

center of the band gap. The valence band-top consists of the hybridization states of Mo 4d and 

S 3p orbitals. The DOS for the Nb substituted MoS2 monolayer is displayed by the red line in 

figure 4.19(b). Compared with the pure MoS2 monolayer, the band does not change. The 

small DOS peak appears at the top of the valence band because of the hybridization of Nb 4d 

and S 3p orbitals. The Fermi level moves to the top of this DOS peak. This movement is 

consistent with the experimental picture, in which the Nb-doped MoS2 electronic state is a p-

type degenerate semiconductor. The Fermi level estimated from this figure is about 10 meV. It 

is underestimated compared with the experimentally obtained value about   30 meV. 

The p-type semiconducting behavior of MoS2 monolayers in my simulated results is totally 

different from the early reports of the MoS2 ultrathin layers in field effect transistor (FET) 

experiments [40, 41, 50, 51], for which the negative sign of S indicates their n-type behavior. 

This difference suggests the Fermi level pinning at MoS2-metal interfaces of the source and 

drain electrodes [66]. At metal−MoS2 contacts, the interaction between metal and S weakens 

the intralayer S−Mo bonding and leads to the appearance of the midgap states, mainly of Mo 

d-orbitals character (figure 4.20). Also, the interface dipole formation because of the charge 

redistribution results in the modification of work function at the metal side. These interface 
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effects can have a strong influence on the Fermi level position relative to the valence band 

maximum and conduction band maximum near the surface [66]. However, in my Nb-doped 

MoS2 case, the pinning effect is suppressed strongly because the Fermi level locates into the 

valence band-top, corresponding to the DFT calculations, as presented by the red line in 

Figure 4.19 (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 figures out the increase of PF with rising temperature of sample  1 and 

sample  2. My results at 300 K are one order of magnitude smaller when compared to 

maximum values of PF of n-type MoS2 bilayers [50, 51]. This is because these values are also 

dependent on the doped carrier concentration, and the number of layers. In my experiment, 

61Figure 4.20 Fermi level pinning at energy of the midgap surface states Ns, 

where d is the depth of space-charge region, and S is surface potential. 

62 Figure 4.21 Temperature dependence of PF of the sample # 1 and sample # 2.  
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my sample’s thicknesses (about 6 layers for sample # 1 and 12 layers for sample # 2) and 

charged carriers are not the optimum values. However, the high melting point, high-

temperature stability, and the rapid increase of PF with rising temperature support the TE 

potential of this material in the high-temperature region after optimizing the thickness and 

Nb-doped level. 

4.5 Conclusion 

In this chapter, I experimentally investigated the TE properties and the effects of Nb dopants 

on TE transport of the Nb-doped MoS2 ultrathin layers mechanically exfoliated from my 

synthesized single crystals. The TE quantities  and S were measured over the temperature 

region from 300 K to 450 K. The experimentally obtained results and DFT calculations 

indicate that these ultrathin layers are p-type degenerate semiconductors as a result of the 

suppression of the pinning effect due to Nb dopants. The enhancement of  compared to the 

bulk Nb-doped MoS2 results from weak localization and carrier scattering of the conduction 

carriers by random potential originated from stacking faults or edge roughness. This picture is 

consistent with the decrease of  with rising temperature. Moreover, the lack of change of S 

by layer thickness suggests that the modulation of spectral conductivity Σ(E, T) is cancelled 

even in the localization condition. The experimentally obtained results are also consistent 

with DOS of pristine MoS2 and Nb-doped MoS2 monolayer obtained using DFT calculation. 

The success of the measurement and the similar tendency of  and S of the two samples 

confirm the reproducibility and reliability of the methodology. The rapid increase of PF at 

high temperature of this p-type ultrathin layers, that are fundamentally necessary for TE 

devices consisting of n-type and p-type TE elements, suggests the potential trend for 

applications in TE nanodevices, like planar Peltier cooling.  
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 Chapter 5 

1 Conclusions and Future Work 

In this thesis, I investigate the TE properties of the p-type Nb-doped MoS2 ultrathin layers 

that were mechanically exfoliated from my synthesized single crystals of Mo0.97Nb0.03S2. 

Based on the temperature dependent measurement of electrical resistivity  and the Seebeck 

coefficient S, and DFT calculations for DOS, this research is the first of a study elucidating 

the physical mechanism of the influence of the Nb dopants on TE transport properties of p-

type Nb-doped MoS2 ultrathin layers. This research proposes an effective way to fabricate the 

devices of Nb-doped MoS2 ultrathin layers in which the Au with high work function, 

chemical stability, and good electrical conduction makes the good electrical contact with Nb-

doped MoS2 ultrathin layers.  Moreover, this research contributes partly to the field of doped 

ultrathin TE materials, especially offering a tendency for next-generation flexible ultrathin TE 

materials which suggest the potential for TE applications, like planar Peltier cooling utilized 

for dissipating the thermal energy generated from nanometer-scale hot spots in the 

nanodevices.  

In detail, this dissertation is divided into 5 chapters and introduces the following important 

contributions to the field of TE materials. The comprehensive review of TE materials, the 

working mechanisms of TE devices, the current research and the potential application of 2D 

materials in TE field are presented in chapter 1. The synthesis of the single crystals Mo1-

xNbxS2 obtained by using CVT method with the optimized parameters is presented in detail in 

chapter 2. The large hexagonal shape, the XRD analysis of the synthesized flakes and smooth 

ultrathin layers mechanically exfoliated with few nm in thickness that is determined by AFM 

and SEM measurements confirm not only the single crystalline but also the layered structure 

of the synthesized compounds.    

Chapter 3 presents the process for fabrication of two devices consisting of Nb-doped MoS2 
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ultrathin layers and the simulation to justify these devices arrangements. By employing Au 

electrodes with large work function and high chemical stability for making the contacts with 

these ultrathin layers, the good electrical contacts measured support the improved thermal 

contact that has been challenging for nanodevice fabrication recently. The sharp electrodes 

and the no leakage current between them are reliable for transferring the ultrathin layers onto 

these electrodes. The reproducibility is confirmed by the reliability and stability of the 

measurement of the two devices. The good electrical contact between these ultrathin layers 

and Au electrodes is supported from the overlap between IV characteristics when using two-

probe and four-probe methods.  This suggests the reliability of the device fabrication and 

thermal contacts between samples and electrodes that are important for thermal transport and 

measurement of S of the samples. In addition, by using finite-element-method software Flow 

3D, the simulation of the temperature profile shows an error of 8% for temperature difference 

that is acceptable for thermal transport on the device.  

In chapter 4, I experimentally investigate the TE properties of Nb-doped MoS2 ultrathin 

layers mechanically exfoliated from my synthesized single crystals. Because the Nb dopants 

result in the increase of carrier concentration, these ultrathin layers display the p-type 

degenerate semiconducting behavior in the temperature range from 300 K to 450 K. However, 

the weak localization and carrier scattering of the conduction carriers by a random potential 

originated from stacking faults and edge roughness leads to the increase of electrical 

conductivity of these thin layers when rising temperature due to thermal excitation and the 

enhancement of their electrical resistivity compared to the bulk Nb-doped MoS2. Moreover, 

the independence of S on layer thickness suggests that the modulation of spectrum 

conductivity is canceled out even in the localization condition. The experimental results are 

also consistent with DFT calculation for DOS of pristine MoS2 and Nb-doped MoS2 

monolayers. 
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 This research supposes the deeper understanding of the TE nature in the p-type Nb-doped 

MoS2 ultrathin layers. Moreover, the rapid increase of PF at high temperature of this p-type 

ultrathin layers, that are fundamentally necessary for TE devices consisting of n-type and p-

type TE elements, suggests the potential trend for applications in TE nanodevices at the high 

temperature region. In addition, by increasing the height of the deposited electrodes and using 

the critical point drier, the fabrication technique in this thesis is useful and reliable for making 

the suspended structure that is important for the measurement of thermal conductivity [96] by 

using Raman scattering. 

Based on the achieved results, I will progress my research in the future. Firstly, using 

mechanical exfoliation, I will fabricate the devices with different thickness from single layer 

to few layers and further investigate the thickness dependence of TE properties and find the 

largest PF in the wide temperature region. Secondly, by applying the CVT method, I will 

adjust the amount of Nb substitution and then investigate the effects of the amount of Nb 

dopants on the TE properties and physical mechanism. Thirdly, by fabricating the suitable 

height of the deposited electrodes and using the critical point drier to make the suspended 

structure, I will estimate the thermal conductivity of the Nb-doped MoS2 ultrathin layers by 

analyzing the temperature dependent Raman studies of the in-plane E2g and out of plane A1g 

modes. Carrying out these experiments, I will consider the optimal conditions for fabricating 

the ultrathin layer that has the largest TE efficiency and deeply understand the physical 

mechanisms behind the TE phenomena in Nb-doped MoS2. 

 

  



63 

 

Bibliography 

[1] D. M. Rowe, CRC Handbook of Thermoelctrics. CRC Press, Boca Raton, 1995, Ch. 1. 

[2] K. Zeb, S. M. Ali, B. Khan, C. A. Mehmood, N. Tareen, W. Din, U. Farid, and A. Haider, 

A survey on waste heat recovery: Electric power generation and potential prospects within 

Pakistan, Renewable and Sustainable Energy Reviews, 75, 1142, 2017. 

[3] M. S. El-Genk, H. H. Saber, CRC Handbook of Thermoelectrics: Micro to Nano (CRC 

Press, Boca Raton, 2006), Ch. 43.  

[4] F. J. DiSalvo, Thermoelectric Cooling and Power Generation, Science, 285, 703, 1999. 

[5] S. B. Riffat, X. Ma, Thermoelectrics: a review of present and potential applications, 

Applied Thermal Engineering, 23, 913, 2003. 

[6] J. P. Heremans, M. S. Dresselhaus, L. E. Bell, and D. T. Morelli, When thermoelectrics 

reached the nanoscale, Nature Nanotechnology, 8, 471, 2013 

[7] A. F. Ioffe, Semiconductor Thermoelements, and Thermoelectric Cooling. Infosearch, 

Ltd., London, 1957. 

[8] A. J. Minnich, M. S. Dresselhaus, Z.F. Ren, G. Chen, Bulk nanostructured thermoelectric 

materials: current research and future prospects, Energy & Environmental Science, 2, 466, 

2009. 

[9] G. J. Snyder and E. S. Toberer, Complex thermoelectric materials, Nat. Mater, 7, 105, 

2008.  

[10] P. Vaqueiro, A.V. Powell, Recent developments in nanostructured materials for high-

performance thermoelectrics, Journal of Materials Chemistry, 20, 9577, 2010. 

[11] X. Zhang, L. D. Zhao, Thermoelectric materials: Energy conversion between heat and 

electricity, Journal of Materiomics, 1, 92, 2015.  

[12] X. Shi, X. Shi, L. Chen, and C. Uher, Recent advances in high-performance bulk 

thermoelectric materials, International Materials Reviews, 61, 6, 2016. 

[13] J. F. Li, W. S. Liu, L. D. Zhao, and M. Zhou, High-performance nanostructured 

https://econpapers.repec.org/article/eeerensus/
https://www.sciencedirect.com/science/article/pii/S1359431103000127


64 

 

thermoelectric materials, NPG Asia Materials, 2, 152, 2010. 

[14] J. Yang, Special section papers on thermoelectric materials and applications foreword.    

J.Electron Mater, 36,703, 2007. 

[15] J. Yang, T. Caillat, Thermoelectric Materials for Space and Automotive Power 

Generation. Mrs Bull, 31,224, 2006. 

[16] H. J. Goldsmid, Bismuth Telluride and Its Alloys as Materials for Thermoelectric 

Generation, Material, 7, 2577, 2014. 

[17] H. J. Goldsmid, A. R. Sheard, and D. A. Wright, The performance of bismuth telluride 

thermojunctions, Br. J. Appl. Phys. 9, 365, 1958. 

[18] G.A. Slack, in: M. Rowe (Ed.), CRC Handbook of Thermoelectrics, CRC Press, Boca 

Raton, FL, 1995. 

[19] Z. G. Chenal, G. Hana, L. Yanga, L. Chenga, and J. Zoua, Nanostructured thermoelectric 

materials: Current research and future challenge, Materials International, 22, 535, 2012. 

[20] L. D. Hicks and M. S. Dresselhaus, Effect of quantum-well structures on the 

thermoelectric figure of merit, Phys. Rev. B, 47, 12727, 1993.  

[21] L. D. Hicks, T. C. Harman, and M. S. Dresselhaus, Use of quantum‐well superlattices 

to obtain a high figure of merit from nonconventional thermoelectric materials, Appl. 

Phys. Lett, 63, 3230, 1993. 

[22] L. D. Hicks and M. S. Dresselhaus, Thermoelectric figure of merit of a one-dimensional 

conductor, Physical Review B, 47, 16631, 1993. 

[23] M. S. Dresselhaus, G. Chen, M. Y. Tang, R. G. Yang, H. Lee, D. Z. Wang,  Z. F. Ren, J. 

P. Fleurial, P. Gogna, New directions for low-dimensional thermoelectric materials, 

Advanced Materials, 19, 1043, 2007. 

[24] J. P. Heremans, Low-Dimensional Thermoelectricity, Acta Physica Polonica A, 108, 4, 

2005. 

[25] G. R. Bhimanapati, Z. Lin, V. Meunier, Y. Jung, J. Cha, S. Das, D. Xiao, Y. Son, X. S. 

Strano,  V. R. Cooper, O. L. Liang, S. G. Louie, E. Ringe, W Zhou, S. S. Kim, R. R. Naik, 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ren%2C+Z+F
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Fleurial%2C+J-P
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Fleurial%2C+J-P
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Gogna%2C+P


65 

 

B. G. Sumpter, H. Terrones, F. Xia, Y. Wang, J. Zhu, D. Akinwande, N. Alem, J. A. 

Schuller, R. E. Schaak, M. Terrones, and J. A. Robinson, Recent Advances in Two-

Dimensional Materials beyond Graphene, ACS Nano, 9, 11509, 2015. 

[26] S. E. Shafranjuk, Graphene thermal flux transistor, Nanoscale, 8, 19314, 2016. 

[27] P. Dollfus, V. H. Nguyen, and J. Saint-Martin, Thermoelectric effects in graphene 

nanostructures, J. Phys. Condens. Matter, 27, 133204, 2015 

[28] K. Chen, X. Wang, D. Mo, and S. Lyu. Thermoelectric Properties of Transition Metal 

Dichalcogenides: From Monolayers to Nanotubes, J. Phys. Chem. C, 119, 26706, 2015 

[29] D. Lembke, S. Bertolazzi, and A. Kis, Single-Layer MoS2 Electronics, Acc. Chem. Res, 

48, 100, 2015. 

[30] D. Lembke and A. Kis, Breakdown of High-Performance Monolayer MoS2 Transistors, 

ACS Nano, 6, 10070, 2012.  

[31] B. Radisavljevic, M. B. Whitwick, and A. Kis, Integrated Circuits and Logic Operations 

Based on Single-Layer MoS2, ACS Nano, 5, 9934, 2011. 

[32] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, Single-layer MoS2 

transistors, Nat. Nanotechnol, 6, 147, 2011.  

[33] K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, Atomically Thin MoS2: A New 

Direct-Gap Semiconductor, Phys. Rev. Lett, 105, 136805, 2010. 

[34] J. Pu, Y. Yomogida, K. K. Liu, L. J. Li, Y. Iwasa, and T. Takenobu, Highly Flexible 

MoS2 Thin-Film Transistors with Ion Gel Dielectrics, Nano Lett, 12, 4013, 2012.  

[35] S. Bertolazzi, J. Brivio, and A. Kis, Stretching and Breaking of Ultrathin MoS2, ACS 

Nano, 5, 9703, 2011.  

[36] K. K. Kam, B. A. Parkinson, Detailed photocurrent spectroscopy of the semiconducting 

group VIB transition metal dichalcogenides, J. Phys. Chem. 86, 463, 1982. 

 [37] J. A. Wilson, A. D. Yoffe, The transition metal dichalcogenides discussion and 

interpretation of the observed optical, electrical and structural properties, Advances in 

Physics, 18, 73, 1969. 

http://www.tandfonline.com/toc/tadp20/18/73
http://www.tandfonline.com/toc/tadp20/18/73


66 

 

[38] A. N. Enyashin and G. Seifert, Electronic Properties of MoS2 Monolayer and Related 

Structures. Nanosystems: Physics, Chemistry, Mathematics, 5, P. 517, 2014.  

[39] K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth, V. V. Khotkevich, S. V, Morozov, A. 

K. Geim, Two-dimensional atomic crystals, Proc. Natl. Acad. Sci. U S A, 102, 30, 2005. 

[40] M. Buscema, M. Barkelid, V. Zwiller, H. S. J. van der Zant, G. A. Steele, and A. 

Castellanos-Gomez, Large and Tunable Photo Thermoelectric Effect in Single-Layer 

MoS2, Nano Lett, 13, 358, 2013. 

 [41] Jing Wu, H. Schmidt, K. Kumar A., X. Xu, G. Eda, B. Özyilmaz, Large 
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